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ABSTRACT 

 
Since the first appearance in 2004, graphene and its derivatives have attracted considerable 

attention in different fields and created a revolution in materials science and condensed matter 

physics, owing to their amazing unique physical and chemical properties. These desirable 

properties have inspired the development of low-cost and high-yield preparation methods of 

chemically-derived graphene (reduced graphene oxide). The chemical reduction of graphene 

oxide (GO) is the most promising and effective method for the synthesis of reduced graphene 

oxide (rGO) because of its relatively large scale and low cost. Additionally, many 

investigations focused on the applications of graphene-based composites as catalysts for 

pollutants removal. Also, modified graphene can adsorb heavy metal ions with high efficiency 

and selectivity, and thus reduces them to metals for recycling.   

The objective of my thesis is to develop simple, environmentally friendly, low cost, and 

controllable approaches for the chemical reduction of GO to rGO and its decoration with metal 

and metal oxide nanoparticles. These techniques use arginine and sodium borohydride as 

reducing agents, and silver nitrate, nickel chloride or cobalt chloride as a source for the 

metal/metal oxide nanoparticles. 

The following nanocomposites: rGO/Arg-Ag NPs, rGO-Ni NPs and rGO-Co3O4NPs were 

successfully synthesized. The  resulting  rGO-based  nanocomposites  were  characterized by  

a  variety  of  different techniques,  including  ,  SEM, TEM, XPS, FTIR, Raman, XRD, UV-

Vis and TGA. The analysis revealed that these graphene-based nanocomposites have excellent 

properties and stability. 

We successfully applied the rGO-based nanocomposites as a catalyst for the reduction of 4-

nitrophenol to 4-aminophenol, with a full reduction time in less than 1, 5 and 1 min at room 

temperature and remained active more than 4, 10, and 10 cycles for rGO/Arg-Ag NPs, rGO-Ni 

NPs and rGO-Co3O4NPs, respectively. 

The Co3O4/rGO displayed high adsorption capacity for three organic dyes. The Co3O4/rGO 

nanocomposite removed 96%, 91% and 92% of RhB, MO and Rose Bengal after 2, 1 and 2 

min, respectively. The maximum adsorption capacity of Cr (VI) was 222.2 mg. g-1, which is 

very close to the experimental value of 208.8 mg.g-1. These results were fast and highly-

efficient compared with other reported data.   

Key words: graphene oxide (GO), reduced graphene oxide (rGO), reduction, catalyst, 

adsorption, dyes, chromium, environmental applications. 
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RESUME 

Nanocomposites à base d’oxyde de graphène réduit : Synthèse, caractérisation et 

application 

Depuis la première apparition en 2004, le graphène et ses dérivés ont attiré une attention 

considérable dans différents domaines et créé une révolution dans la science des matériaux et 

la physique de la matière condensée, en raison de leurs propriétés physiques et chimiques 

uniques. Ces propriétés souhaitables ont inspiré le développement de faible coût et à haut 

rendement à partir de la méthode chimique de synthèse d’oxide de graphene  et de la (Oxide 

de  graphène réduit). La réduction chimique de l'oxyde de graphène (GO) est la méthode la 

plus prometteuse et efficace pour la synthèse d'oxyde de graphène réduit  (RGO) en raison  de 

leur faible coût de synthèse  et leur grande quantité de production. En outre, de nombreuses 

recherches  ont était faite  sur des applications des composites à base de graphène en tant que 

catalyseurs pour la dégradation des polluants. En outre, le graphène modifié peut absorbe des 

ions de métaux lourds avec une grande efficacité et une sélectivité, et réduit ainsi les métaux à 

des fins de les recyclé. L'objectif de ma thèse est de développer  une méthode simple, pas chère, 

et les approches contrôlables pour la réduction chimique de GO a du  rGO et le décoré avec 

des nanoparticules. Ces techniques utilisent le borohydrure de sodium et d'arginine comme 

agent réducteur, et le nitrate d'argent, le chlorure de nickel ou le chlorure de cobalt en tant que 

source pour les nanoparticules de métal / métal oxideé. 

Les nanocomposites suivantes: rGO / Arg-Ag NP, rGO-Ni NPS et rGO-Co3O4NPs ont été 

synthétisés avec succès. Les nanocomposites à base de RGO résultants ont été caractérisés par 

une variété de techniques différentes, y compris, MEB, TEM, XPS, FTIR, Raman, XRD, UV-

Vis et TGA. L'analyse a révélé que ces nanocomposites à base de graphène ont d'excellentes 

propriétés et la stabilité. Nous avons appliqué avec succès les nanocomposites à base de rGO 

en tant que catalyseur pour la réduction du 4-nitrophénol de 4-aminophénol, avec un temps de 

réduction complète en moins de 1, 5 et 1 min à une  température ambiante et  il a resté actif 

plus de 4, 10, et 10 cycles de rGO / Arg-Ag NP, rGO-Ni NPS et rGO-Co3O4NPs, 

respectivement. Le Co3O4 / rGO affiche une capacité d'adsorption élevée pour trois colorants 

organiques. Le nanocomposite Co3O4 / rGO retiré 96%, 91% et 92% des RhB, MO et Rose 

Bengale après 2, 1 et 2 min, respectivement. La capacité d'adsorption maximum de Cr (VI) 

était de 222,2 mg. g-1, qui est très proche de la valeur expérimentale de 208,8 mg.g-1. Ces 

résultats ont été rapides et très efficace par rapport à la bibliographe. 

Mots clés: l'oxyde de graphène (GO), graphene oxide réduit  (rGO), la réduction, le catalyseur, 

l'adsorption, de colorants, de chrome, les applications environnementales. 
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General Introduction and Objective  

Graphene a monolayer of carbon atoms densely packed in a honeycomb lattice was isolated for 

the first time in 2004. In recent years, the research on graphene and its derivative has been 

popular and extensive and generated tremendous interest in a wide range of research activities 

coming from its best properties like highest conductivity, high surface area and hardest 

materials. A facile and versatile pathway to obtain Graphene based nanocomposites is through the 

reduction of Graphene Oxide (GO). Several methods for reduced graphene oxide (rGO) that were 

developed include chemical, thermal, electrical, and optical process. Additionally , reduced 

graphene oxide (rGO)-based  nanocomposites has been synthesized for potential applications 

in electronics, energy storage, catalysis, and gas sorption, storage, separation and sensing and 

so on. On the other hand, metal nanoparticles, have been exhibited remarkable in many 

applications but during synthesis, these nanoparticles tend to agglomerate resulting in loss of 

their nanoscale properties. Since reduce graphene oxide have high surface area can serve as 

nucleation sites for, it can be used as a substrate to deposit metal nanoparticles. This will reduce 

agglomeration of nanoparticles, and supported the metal nanoparticles properties as well as the 

graphene properties. Moreover, water pollution is world- wide environmental concern coming 

from heavy metal ions and organic dyes in wastewater that strongly threatens human, animals 

and plants. So, many effective strategies of water purification can be categorized into pollutants 

adsorption and conversion one of them, rGO-based nanocomposites typically show promising 

nanocomposites effective on reduced these pollutant species. 

So, we will develop a simple, low cost, high quantity and controllable approaches for the 

chemical reduction of graphene oxide to rGO and decorate with nanometals and nanometals 

oxide. These techniques are based on use of arginine, nickel chloride, and sodium borohydride 

with cobalt chloride as reducing agents as well as a sources for the nanometals. We have 

successfully obtained these nanocomposites (rGO/Arg-Ag NPs, rGO-Ni NPs and rGO-Co3O4 

NPs). This thesis content four chapters describe all the novel method that successfully reduced 

graphene oxide and decorated with nanometals and nanometals oxide. 

Chapter 1, will be a general overview on graphene and graphene-based nanocomposite, 

preparation, characterization, and properties and their potential applications.  In (Chapter 2), 

we will describe the bibliographer about rGO/Ag NPs preparation and developed 

environmentally friendly approaches method of preparation rGO/Arg-Ag NPs from GO, 

arginine and silver nitrate by novel chemical reduction and show there characterizations by 
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using different techniques. rGO/Arg-Ag NPs was used as a catalyst to reduction 4-nitrophenol 

to 4-aminophenol. 

Chapter 3, we will show, it can be reduced graphene oxide and decorated with nickel 

nanoparticles by simple, novel chemical reduction method using only GO and nickel chloride. 

The characterizations doing by different techniques and show us that this method was able to 

reduce graphene oxide and decorated with nickel nanoparticles (rGO-Ni NPs). This 

nanocomposite also applied as catalyst to reduction 4-nitrophenol to 4-aminophenol. 

In Chapter 4, we developed novel, quick, room temperature and simple method to reduce 

graphene oxide and decorated with cobalt oxide by using sodium borohydride with cobalt 

chloride as reducing agents as well as a sources for the nanometals (rGO-Co3O4 NPs). This 

rGO-Co3O4 NPs was characterized by different techniques and the result shown that the cobalt 

oxide anchored on the reduce graphene oxide successfully. We used this rGO-Co3O4 NPs as a 

catalyst to reduction 4-nitrophenol to 4-aminophenol and adsorbed dyes and Cr (VI) from 

wastewater. 
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CHAPTER 1  

1. INTRODUCTION 

 

Graphene has become an interesting nanomaterial from the time of its discovery due to its 

fascinating physical and chemical properties and for its promising applications [1, 2].  

Graphene in simple terms is a thin layer of pure carbon; it is a single, tightly packed layer of 

carbon atoms that are bonded together in a hexagonal honeycomb lattice. In complex terms, it 

is an allotrope of carbon in the structure of a plane of sp2-bonded atoms (Figure 1.1) [3]. Before 

that, graphene had been investigated theoretically for over sixty years, although its existence 

as 2D crystals in free space was thought impossible [2]. In the last years, graphene has been 

the most studied material, attracting the attention of the entire scientific community for its 

exceptional physical and chemical properties [4]. 

Since the Geim and Novoselov’s Nobel Prize in Physics for isolation of graphene by 

mechanical exfoliation of graphite in 2004 [5, 6], many researchers in the world searched in 

this field and investigated the different properties of graphene.  

This chapter consists of a short review on the different synthetic routes of graphene and its 

derivatives. Graphene is the “thinnest” known material with a long range π-conjugation that 

exhibits a high specific surface area [7], extraordinary electronic properties and electron 

transport capabilities [8-10], strong mechanical strength [11], unprecedented pliability and 

impermeability [11, 12], remarkable optical transparency, as well as excellent thermal and 

electrical conductivities [13]. All these features have made graphene and graphene derivatives 

ideal candidates for diverse applications such as electronic devices [14], energy storage and 

conversion (supercapacitors [15, 16], batteries [17], fuel cells [18], solar cells [19]), sensors 

[20-23], and biomaterials [24, 25]. 

The wide range of useful physical and chemical properties of graphene attracted researchers 

interested in applications with an interdisciplinary approach spanning from applied physics, 

materials science, biology, mechanics, electronics and engineering [26]. The reported 

properties and applications of graphene have opened up new opportunities for future devices 

and systems [5]. 
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1.1. Introduction of graphene 

Carbon, one of the most common atoms on earth, occurs naturally in many forms. These are 

called allotropes of carbon. Two of these carbon allotropes have been collected from nature 

and used by humans for centuries: they are graphite and diamond.      

Diamond is the most stable form of pure carbon. Formed at high temperatures and pressures 

under the earth's crust, diamond is a tetrahedral lattice with a carbon atom at each vertex. Each 

carbon atom forms four covalent bonds with four neighbouring atoms, completely filling its 

outer electron shell and resulting in one of the hardest and most valued materials in human 

history [27].  

Three nanoscale forms of carbon have attracted widespread attention over the last years 

because of their novel properties. These carbon nanostructures are called fullerenes, carbon 

nanotubes, and graphene. These are the most common crystalline forms (allotropes) of carbon. 

Fullerenes (called buckyballs when spherical) originate from the wrapping of graphene. It was 

discovered by Kroto et al. in (1985) while studying carbon clusters produced by vaporization 

of graphite upon laser heating [28]. Fullerenes are similar in structure to graphite, which is 

composed of stacked graphene sheets of linked hexagonal rings; but they may also contain 

pentagonal (or sometimes heptagonal) rings [27, 29, 30]. Fullerene is a super stable species, 

with its shape being that of a soccer ball. It is composed of sixty carbon atoms with 32 faces 

[31]. This discovery stimulated the scientific community to investigate other structures which 

can be formed from graphite. As a result, fullerene discovery was shortly followed by the 

observation of carbon nanotubes in 1991 by a Japanese scientist, Iijima [32]. 

Carbon nanotubes (CNT) have attracted great attention due to their exceptional electrical, 

mechanical, and thermal properties [30]. Iijima found CNTs in the solid deposit formed on the 

negative electrode after an electric discharge [33]. These carbon needles were later called 

carbon nanotubes, which are a single sheet of graphene rolled up to form a tube with one 

dimension. Iijima found that the solids consisted of tiny tubes made up of numerous concentric 

“graphene” cylinders, each cylinder wall consisting of a sheet of carbon atoms arranged in 

hexagonal rings. The cylinders usually have closed-off ends and range from 2 to 10 

micrometres in length and 5 to 40 nanometres in diameter [34]. 

Graphite is a stack of graphene layers weakly bonded to each other [34]. While each sheet is 

tightly bound, only weak bonds (van der Waal bonds) exist between layers. 

http://en.wikipedia.org/wiki/Chemical_structure
http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Graphene
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One method to massively produce graphene is to use graphite oxide (GO) as a precursor. GO 

consists of a single-layer of graphite oxide and is usually produced by chemical treatment of 

graphite through oxidation, with subsequent dispersion and exfoliation in water or suitable 

organic solvents. 

As discussed above on carbon allotropes, a graphene sheet can be seen as the building block 

for graphitic materials of all other dimensionalities.  

In this thesis, one attractive carbon allotrope, graphene, has been investigated and its composite 

materials have been applied for biosensing and environmental remediation. 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Graphene can be considered as the mother material of buckyballs, carbon-

nanotubes and graphite [7]. 

 

1.2. Synthesis of graphene 

To date, various synthetic methods have been developed for the preparation of graphene and 

its derivatives, not only to achieve high yield of production, but also for easy processing of the 

material [35]. Like carbon nanotubes and other nanomaterials, the vital challenge in synthesis 

and processing of bulk-quantity of graphene sheets is to prevent aggregation. Unless well 
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separated from each other, one-atom-thick planar sheets of graphene tend to form irreversible 

agglomerates, or even restack to form graphite through van der Waals interactions. The 

prevention of aggregation is essential because most of the unique properties of graphene sheets 

are only associated with individual sheets [36]. 

Synthetic methods have been developed in two possible directions: large-scale growth, or 

large-scale exfoliation [5, 37]. As a two-dimensional carbon nanomaterial, these methods for 

graphene synthesis can be divided into “bottom-up” and “top-down” approaches according to 

the classification of the synthesis method of nanomaterials (Figure 1.2) [35, 38].  

The bottom-up approach involves the direct synthesis of graphene from carbon sources using 

chemical vapour-deposition (CVD) [1, 39, 40] or epitaxial growth on SiC [41], solvothermal 

reaction [42], and organic synthesis [43]. The advantage of the “bottom-up” is its ability to 

produce high quality pristine graphene for fundamental studies of transport physics and other 

properties. Its disadvantage is the limitation of large scale uniformity when up-scaling (for 

example, 100’s L of graphene solution or precise locations of interest on a chip) [44]. 

The “top-down” technique uses graphite as the starting material, and include mechanical 

exfoliation (the scotch tape method [39]), liquid-phase exfoliation [45, 46], chemical reduction 

of graphene oxide (GO) [47], thermal reduction of GO [48], photothermal reduction of GO 

[49] and electrochemical reduction of GO [50]. The latter features high yield, solution-based 

process ability and ease of implementation. The liquid phase exfoliation has been achieved by 

means of intercalation, chemical functionalization, and/or sonication of bulk graphite. The 

most common method adapted for large-scale production of graphene and GO is based on “top-

down” approaches using physical and chemical exfoliation of graphite pioneered by Hummers 

et al. using strong acids and oxidants [51, 52]. This method requires extensive oxidation of 

aromatic structure in order to weaken van der Waals interactions between graphene sheets 

followed by their exfoliation and dispersion in solution [5]. The advantage of “top-down” is 

the ability to put the desired feature / entity in an exact location. The advantage is that it can 

utilise the existing silicon infrastructure and methodologies for precise feature placement and 

scalability. The disadvantages of the “top-down” approach is the resolution limitation due to 

the existing cutting tool technology (electron beam, ion-beam, etc.) [44]. 

We will discuss some methods for each approach, beginning with the “bottom-up” approaches 

(CVD and epitaxial growth) and ending with “top-down” ones (mechanical exfoliation, 

chemical reduction, thermal reduction and so on).  
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Figure 1.2: “Top-down” and “bottom-up” synthesis methods of graphene: GIC, CVD, and 

PAH correspond to graphite intercalation compounds, chemical vapour deposition, and 

polycyclic aromatic hydrocarbon, respectively [38]. 

 

1.2.1. Chemical vapor deposition (CVD) 

The CVD technique is widely used for the production of semiconductor films in the industry, 

a metal crystal or film (copper or nickel) is used as a substrate and a hydrocarbon as the carbon 

source (methane, ethylene, etc.). By varying the experimental parameters (hydrocarbon, 

catalyst, gas flow, pressure, growth time, growth temperature, cooling rate, etc.), the thickness, 

size, and quality of graphene can be controlled [53, 54]. The CVD growth appears to be the 

most promising technique for large-scale production of mono- or few-layer graphene films. 

Although the formation of ‘‘monolayer graphite’’ was mentioned in early CVD studies on 

metal single crystals [55, 56], the first successful synthesis of few-layer graphene films using 

CVD was reported in 2006 by Somani and coworkers using camphor as the precursor on Ni 

foils [57]. 
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Recently, Bae and co-workers reported a roll-to-roll production of 30-inch graphene films by 

using the CVD approach (Figure 1.3) [58]. The mechanism of graphene growth on substrates 

like Ni and Cu was investigated by Li et al. [59] by using carbon isotope labelling (Figure 1.4). 

It was reported that CVD growth of graphene on Ni occurs by a carbon segregation or 

precipitation process, whereas graphene on Cu grows by a surface adsorption process. 

 

 

 

 

 

 

 

 

 

Figure 1.3: (A) Schematic of the roll-based production of graphene films grown on a copper 

foil. The process includes adhesion of polymer supports, copper etching (rinsing) and dry 

transfer-printing on a target substrate. (B) Roll-to-roll transfer of graphene films from a 

thermal release tape to a PET film at 120°C. (C) A transparent ultra-large area graphene film 

transferred on a 35 inch PET sheet. (D) An assembled graphene/PET touch panel showing 

outstanding flexibility [58]. 

 

The CVD process of substrates with medium-high carbon solubility (>0.1 atomic %) such as 

Ni and Co involves the dissolution of carbon and hydrocarbon decomposed onto the metal 

substrate, followed by carbon precipitation on the substrate by cooling down the metal [60, 61]. 

In contrast, graphene growth on low carbon solubility (<0.001 atomic %) substrate like Cu 

mainly happens on the surface through the following process [62, 63]: first, the catalytic 

decomposition of CH4 occurs on Cu to form CxHy upon exposure of Cu to CH4 and hydrogen. 

Then the nuclei start to form as a result of local super saturation of CxHy and grow to graphene 

islands until the graphene covers the full Cu surface. If 12CH4 and 13CH4 are both used as carbon 

source during the CVD process on Cu or Ni and are fed into the chamber sequentially, 12C- and 

13C- are uniformly distributed on the Ni surface, while their spatial distribution on Cu follows 
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the precursor time sequence. This suggests that graphene growth on Ni is through dissolution-

precipitation mechanism, while graphene growth on Cu is a surface process [63]. 

CVD graphene growth on a wide variety of other transition metal surfaces and even over 

dielectrics has been investigated. In particular, on Ru(0001), graphene grows epitaxially across 

the surface over large lateral distances [64]. The structure of graphene growth on Ir(111) 

exhibits a Moiré pattern due to the lattice mismatch between the Ir and graphene atomic 

distances [65]. 

 

 

 

 

 

 

 

 

 

Figure 1.4: Schematic diagrams of the possible distribution of C isotopes in graphene films 

based on different growth mechanisms for sequential input of C isotopes. (a) Graphene with 

randomly mixed isotopes such as might occur from surface segregation and/or precipitation. 

The example (c) on Ni, (b) Graphene with separated isotopes such as might occur by surface 

adsorption. The example (d) on Cu [63]. 

 

The weak interaction between the metal substrate and the graphene for the Pt(111) system leads 

to the formation of many rotational domains [66]. Thermal CVD can also yield graphene over 

non-metallic catalysts. For example, sapphire was used as a substrate with propane as the 

carbon feedstock at 1350-1650°C [67]. Moreover, to fabricate a graphene device with an 

atomically uniform gate dielectric providing a uniform electric field, plasma enhanced CVD 

(PECVD) is a promising candidate. This technique is suitable for mass production of 2D 

graphene sheets, because of its simplicity (low-temperature manipulation) and compatibility 

with traditional semiconductor processes [68, 69].   

C 

D 
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1.2.2. Epitaxial growth 

Graphene growth on silicon carbide (SiC) is generally meant for wafer-based applications, such 

as electronic devices or components, and generally it is not necessary to remove the graphene 

from the underlying substrate. The thermal decomposition of SiC consists of heating up SiC in 

ultra-high vacuum (UHV) to temperatures between 1000 and 1500°C usually in argon 

atmospheres [70]. The graphene produced is of relatively high quality, although the uniformity 

of graphene for single layer and bilayers is rather poor because of surface pits [71]. The number 

of layers depends on the decomposition temperature, and the demanding growth conditions are 

key challenges for growing graphene on SiC [38].  

Emtsev et al. were able to achieve a significant improvement in the degree of homogeneity of 

the graphene films obtained by thermal decomposition of silicon carbide [72]. The authors 

showed that the growth of epitaxial graphene on SiC in an argon atmosphere close to 

atmospheric pressure provides morphologically superior graphene layers in comparison to 

vacuum graphitization [72].  

Nowadays, hexagonal α-SiC (6H-SiC and 4H-SiC) is widely used to synthesize high-quality 

graphene with crystallites approaching hundreds of micrometers in size: Virojanadara et al. as 

well as Berger and co-workers produced few-layer graphene by thermal decomposition of SiC 

using 6H-SiC single crystal [73, 74]. The results showed thin graphene layers. Typically, 

between 1 and 3 layers were formed depending on the decomposition temperature. Using this 

method, devices were produced with mobilities of 1100 cm2 V−1 s−1 [74]. 

 In addition to SiC substrate, graphene synthesis by epitaxy on transition metals has also been 

considered [64, 75, 76]. Sutter and co-workers used ruthenium as a substrate for graphene 

growth. The authors made use of the temperature-dependent solubility of interstitial carbon in 

transition metals to achieve the controlled layer-by-layer growth of large graphene domains on 

Ru [64]. The advantage of this approach is that the size of the synthesized sample can be 

comparable to the size of the original Ru crystal if the crystal is of a good quality. In addition 

to that, to study the electrical properties of graphene it should be placed on an insulating 

substrate, hence a considerable advantage of this method is that insulating SiC substrates can 

be used so that transfer to another insulator is not required in contrast to the situations when 

the sample is produced on a metallic substrate. However, the large-scale structural quality is 

limited by the lack of continuity and uniformity of the grown film [77, 78]. 
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1.2.3. Mechanical exfoliation 

 Graphene has been the subject of intense widespread research for less than a decade. Most of 

the work used graphene created by a process of mechanical exfoliation called the “scotch tape 

method”. In this procedure, pure samples of bulk graphite are placed on the sticky side of 

common adhesive tape. The tape is pressed on a desired substrate and then peeled away. Flakes 

of graphene around 50 microns wide are left on the substrate, along with chunks of graphite 

and adhesive residue. The flakes can be discerned under an optical microscope due to thin-film 

interference, appearing as a region of slight discoloration [7]. The graphene left by the scotch 

tape method is pure and clean, which enables researchers to measure its electrical and 

mechanical properties exactly. However, a fair amount of time and luck are required to 

manually locate an appropriate flake on the region exposed to the tape (Figure 1.5). This 

difficulty is overcome if the graphene flake is positioned in a certain way above or around an 

existing feature on the substrate, as it is commonly desired for many nanoscale experiments. 

Lastly, when graphene is to be used as an electrode on a solar cell, it must cover the entire 

surface area of the cell, which is much larger than the area of a single flake [34]. 

 Mechanical exfoliation of graphite can also be performed in liquid-phase with the target of 

reducing the agglomeration in graphite appreciably. Ultrasonication treatments are usually 

used for the graphite exposed to solvents. There are two approaches of ultrasonic exfoliation 

of graphite. One approach is to utilize the similar surface energy of some organic solvents (such 

as dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP) or ethanol [45, 79, 80]) and 

graphene that facilitates the exfoliation. This route results in a monolayer graphene yield of 

around 1 wt. %, but can be as high as 12 wt. % [45, 81]. Another approach is based on the 

incorporation of small molecules between the layers of graphite or by non-covalently attaching 

molecules or polymers onto the sheets, forcing the graphene layers to split apart from each 

other. This is often done by introducing ultrasonic solvents (including sulphuric acid, nitric 

acid, acetic acid and hydrogen peroxide) [48, 82, 83] between the graphene layers and then 

quickly heating the samples in an air or formic gas at ~1000°C or microwave irradiation. The 

rapid evaporation of the intercalators yields exfoliated graphite flakes, which can be then 

separated into single graphene sheets via ultrasonication. This route can produce a suspension 

of which 90% are single layer graphene sheets [84]. 
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Figure 1.5: (A) Exfoliation of graphene using scotch tape; (B) Optical microscope image of 

graphene on SiO2 substrate [7]. 

 

1.2.4. Chemical reduction of graphene oxide (GO) 

While exfoliation produces very pure single-domain graphene with nearly ideal mechanical 

and electrical properties, it has one large disadvantage. That is, exfoliation results in graphene 

flakes scattered randomly on a substrate. Each flake is on the order of only microns in size, and 

much of the substrate remains uncovered. For many applications of graphene (including 

transparent conducting electrodes for an organic solar cell), a continuous covering of graphene 

is needed. To produce continuous graphene films, exfoliation cannot be used and chemical 

methods are needed instead to grow graphene from carbon atoms in another form. 

The technique of reduced graphene oxide is really the intersection of exfoliation and chemical 

growth methods. Exfoliated graphene flakes are oxidized, enabling them to be suspended in 

aqueous solution. 

 Numerous methods of chemical reduction of graphite/graphene oxide have emerged or re-

emerged in recent years. Despite the wide arrays of chemical reduction strategies, a number of 

reducing agents known to date may not be supported by mechanisms. These reducing agents 

are not widely applied in synthetic chemistry for the removal/reduction of oxygen 

functionalities. In fact, most of these are usually known to have non-specific antioxidant or 

oxygen scavenging properties. 
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1.2.4.1. Preparation of graphene oxide (GO) 

The first reported synthesis of GO can be traced back to 1859, when Benjamin C. Brodie, a 

chemist from the University of Oxford, treated graphite with a mixture of fuming nitric acid 

and potassium chlorate [85]. The chemical formula of the product synthesized was C11H4O5. 

Subsequently, chemist William S. Hummers and Richard E. Offeman devised a new method 

to synthesize GO that will take less than 2 h, as compared to the 3 days taken by the Brodie’s 

method [51]. Their method involves the treatment of powdered graphite flakes with a mixture 

of concentrated sulphuric acid and sodium nitrate, kept at a reaction temperature of 0oC in an 

ice bath. Potassium permanganate is then added while the mixture is kept at a temperature 

below 20oC. The Hummer’s method is a faster and safer method than Brodie’s, and the 

synthesized GO has a higher degree of oxidation. Also reported by Jeong and co-workers [86] 

the oxidation reaction to synthesize GO requires at least 60 min under acid environment to 

complete. Oxygen atoms mainly exist on GO as hydroxyl, epoxy and carbonyl groups [35, 87]. 

Due to oxygen functional groups, layered-structure graphite is intercalated and becomes 

hydrophilic after Hummers' method [88]. The inter-layer distance of GO is approximately 1 

nm, whereas for graphite it is 0.34 nm. Therefore, it is easier to exfoliate GO into single-atom-

layer sheet via simple colloidal dispersion process [3, 34]. 

Several modifications of the Hummer’s method have been developed recently to improve the 

quality of GO. GO synthesized by the Hummer’s method was found to contain large quantity 

of GO sediments, which are made up of multi-layered graphite flakes that are oxidized at the 

outer layers, but are pristine or mildly oxidized at the inner layers [89]. The carbon atoms in 

GO becomes sp3 hybridized, hence losing the high electrical conductivity of graphene. The 

electrical conductivity can be restored by the reduction of GO into reduced graphene oxide 

(rGO), albeit not to the same order of magnitude as the conductivity of graphene. This is due 

to the presence of defects and vacancies that cannot be completely eliminated during reduction 

[90, 91]. GO can be considered as a precursor for graphene synthesis by either chemical or 

thermal reduction processes.  

1.2.4.2. Reduction of graphene oxide (GO) 

For the reduction of GO using chemical methods, one of the most commonly used reducing 

agent is hydrazine monohydrate (N2H4) [92]. One major reason for its popularity is its inertness 

to water, which is present in GO as a dispersing solvent. Nevertheless, after careful studies of 

the products of the reduction process coupled with the knowledge of the reaction mechanisms 

of hydrazine with other organic species, it is suggested that the reduction of GO is similar to 
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that of the reduction of alkenes with hydrazine  [93], which also leaves some functional groups 

intact. These functional groups, usually those with a C–N bond, cannot be easily removed by 

a single–step treatment [94]. The technique consists of the initial oxidation of graphite to 

graphite oxide, followed by the subsequent mechanical/chemical or thermal exfoliation of 

graphite oxide to graphene oxide (GO) sheets, and their reduction to graphene (Figure 1.6) [4, 

87, 95, 96]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: The oxidation-exfoliation-reduction process used to generate individual sheets of 

chemical converted graphene from graphite [97]. 

 

Sodium borohydride (NaBH4) can also be used as a chemical reductant for graphene oxide. It 

is a salt containing a tetrahedral BH4 anion, which readily solubilizes in aqueous and alcoholic 

media. In the presence of an electrophile such as a carbonyl functionality, the borohydride 

anion readily performs a hydrid transfer reaction, which results in an oxyanion and an electron 

deficient BH3 molecule. Subsequent stabilization of the BH3 molecule with the oxyanion 

reinstates the borohydride as a hydride transfer agent. This is ideally the case until all the B–H 

bonds are consumed. However, the reaction is rarely as efficient in practice. The ability of BH4 

to reduce carbonyl groups is also limited by the types of carbonyl groups. Simple carbonyl 



23 

 

compounds such as aldehyde and ketone are reducible by NaBH4 to alcohol groups, while less 

reactive carbonyl compounds like ester or amide are not reducible. 

The usage of NaBH4 as a reducing agent of GO was first reported by Kamat and co-workers to 

achieve the physisorption of gold nanoparticles on a graphene-octadecylamine material [98]. 

At about the same time, Si and Samulski performed the reduction of GO with NaBH4 as the 

first of a three-step synthesis towards a total reduction effort to obtain a sulphonated graphene 

which dispersed well in aqueous and organic solvents [47]. A similar reduction method with 

NaBH4 was also carried out by Ajayan and co-workers in their investigations related to the 

total reduction of GO [99]. Following that, Lee and co-workers conducted a study on the effect 

of NaBH4 concentration on the electrical properties of the resulting graphene [100]. A C/O 

ratio of 8.6 was measured on the graphene prepared by dipping a strip of GO into a 150 mM 

solution of NaBH4. The electrical resistance of the NaBH4-reduced graphene oxide was 

measured to be lower than that of hydrazine reduced graphene oxide, possibly due to the 

absence of heteroatoms.  

Due to the toxicity and explosive properties of some of the chemical reductants explored 

earlier, many environmentally friendly and highly-efficient reductants have been developed 

and used for the reduction of GO [97], including vitamin C [101, 102], amino acid [103], 

reducing sugar [104], alcohols [105], hydroiodic acid [106], reducing metal powder [107, 108], 

tea [109], and so on (Table 1.1).  
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Table 1.1. List of reducing agents of graphene oxide (GO) towards chemically reduced 

graphene oxide (rGO). 

Reducing agent C/O 

ratio 

Doping Conditionsd
 Ref. 

Borohydrides 

 

NaBH4 

4.8a  

8.6a  

2.5a   

___ 

___ 

___ 

80°C, 1h 

RT, 2 h 

MeOH,70 °C, 2 h 

[47, 

99, 

100, 

110] 

NaBH3(CN)  2.5a ___ MeOH, 70°C, 2 h [110] 

NaBH(OAc)3   2.2a ___ MeOH, 70°C, 2 h [110] 

NH3BH3   14.2a B/N-doped 80°C, 12 h [111] 

9.8a B/N-doped THF, 66°C, 12 h [111] 

Aluminium hydride 

LiAlH4    12a — THF, 70°C, 24 h [112] 

Hydrohalic acid 

HI/AcOH  11.5b — 40°C, 40 h [106] 

HI/TFA    12.5b — -10°C, 40 h [113] 

HI   12a I-doped 100°C, 1 h [114] 

HBr  3.9a Br-doped 110°C, 24 h  [115] 

HBr–KOtBu    7.1a — THF, 66°C, 0.5 h [116] 

a X-ray photoelectron spectroscopy. b Elemental analysis. c Energy dispersive spectroscopy. 

d
 Reduction carried out in aqueous medium or pure solution of the reducing agent unless 

stated otherwise. 
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Reducing agent C/O 

ratio 

Doping Conditionsd Ref. 

Sulphur-containing reducing agents 

Thiourea dioxide/NaOH  14.5a — EtOH/H2O, 90°C, 1 h [117] 

Thiourea 

dioxide/NaOH/cholate 

Adsorbed  

5.8a __ 80°C, 0.5 h [118] 

Thiourea dioxide/NH   6.0a — RT, 1 h [119] 

Ethanethiol/AlCl3  4.7a — THF, 70°C, 5 h [120] 

Lawesson’s reagent   — S-doped Toluene, 110°C, 24 h [121] 

NaHSO3   7.9b S- doped 95°C, 3 h [122] 

Na2S2O4/NaOH     — — 60°C, 15 min [123] 

Thiourea   5.6a Adsorbed 95°C, 8 h [124] 

Thiophene   10.9a Adsorbed 80°C, 24 h [125] 

Nitrogen-containing reducing agents 

Hydrazine   10.3b N-doped 100°C, 24 h [92] 

11b N-doped DMF/H2O, 80°C,12 h [126] 

Phenylhydrazine   9.5b N-doped RT, 24 h [127] 

Hydroxylamine/NH3    9.7a — 90°C, 1 h [128] 

Hydroxylamine   1.5a N-doped 80°C, 30 h [129] 

Benzylamine   4.7a Adsorbed 90°C, 1.5 h [130] 

p-Phenylene diamine   7.4a Adsorbed DMF/H2O, 90°C, 24 h [131] 

Ethylenediamine  7.8a N-doped DMF, 80°C, 8 h [132] 

a X-ray photoelectron spectroscopy. b Elemental analysis. c Energy dispersive spectroscopy.               

d Reduction carried out in aqueous medium or pure solution of the reducing agent unless 

stated otherwise. 
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Reducing agent C/O 

ratio 

Doping Conditionsd Ref. 

Nitrogen-containing reducing agents 

Urea/NH3   4.5a Adsorbed 95°C, 30 h [133] 

Dimethyl ketoxime/NH3   6.5a Adsorbed 100°C, 3 h [134] 

Hexamethylenetetramine  — Adsorbed 100°C, 12 h [135] 

Polyelectrolyte   Adsorbed 90°C, 5 h [136] 

Poly(amido amine)  8.1a Covalent 90°C, 1 h [137] 

Oxygen-containing reducing agents 

Methanol  4.0b — 100°C, 5 days  [105] 

Ethanol  6.0b — 100°C, 5 days  [105] 

Isopropyl alcohol    6.9b — 100°C, 5 days [105] 

Benzyl alcohol     30b — 100°C, 5 days [105] 

Hydroquinone     — — RT, 20 h [138] 

L-Ascorbic acid/L-tryptohan/         

NaOH   

— Adsorbed 80°C, 24 h [101] 

L-Ascorbic acid   — Adsorbed RT, 48 h [139] 

L-Ascorbic acid/NH3    12.5a — 95°C, 15 min [102] 

Glucose/NH3  — Adsorbed 95°C, 1 h [104] 

Dextran/NH3  — Adsorbed 95°C, 3 h [140] 

Gallic acid   5.3a
 Adsorbed 95°C, 6 h [141] 

a X-ray photoelectron spectroscopy. b Elemental analysis. c Energy dispersive spectroscopy.  

d Reduction carried out in aqueous medium or pure solution of the reducing agent unless 

stated otherwise. 
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Reducing agent C/O 

ratio 

Doping Conditionsd Ref. 

Metal–acid 

Al/HCl    18.6a — RT, 30 min [107] 

Fe/HCl   7.9a Fe-doped RT, 6 h [142] 

Zn/HCl  33.5a — RT, 1 min [143] 

Zn/H2SO4    21.2a — RT, 2 h [144] 

Sn(II)/HCl    7.6a — RT, 7 h [145] 

Al foil/HCl 21.1b — RT, 20 min [146] 

Mg/HCl  3.9c — RT, 5 min [147] 

Metal–alkaline 

Zn/NH3    8.6a — RT, 10 min [108] 

Zn/NaOH    5.7b — RT, 6 h [148] 

Al foil/NaOH    5.3b — RT, 20 min [146] 

Na/NH3   16.6a N-doped -78°C, 30 min [149] 

 

Amino acid 

L-Cysteine  —  RT, 72 h 9 [103] 

L-Tyrosine 6.07a
 — 100°C, 24 h [150] 

Glycine   11.2a N-doped 95°C, 36 h [151] 

a X-ray photoelectron spectroscopy. b Elemental analysis. c Energy dispersive spectroscopy.  

d
 Reduction carried out in aqueous medium or pure solution of the reducing agent unless 

stated otherwise. 
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Reducing agent C/O 

ratio 

Doping Conditions d Ref. 

Amino acid 

L-Lysine   8.5a N-doped 90°C, 9 h [152] 

L-Glutathione    — Adsorbed 50°C, 6 h  [153] 

Plant extracts 

Green tea    __ Adsorbed 90°C, 2.5 h [109] 

C. esculenta leaf   7.1b Adsorbed RT [154] 

M. ferrea Linn. leaf   6.1b Adsorbed RT [154] 

C. sinensis peel   6.0b Adsorbed RT [154] 

R. damascena    __ __ 95°C, 5.5 h [155] 

Microorganisms 

 

Shewanella 

__ __ Anaerobic, 72 h [156] 

3.1a __ Aerobic, 60 h [157] 

E. coli culture   __ __ 37°C, 48 h  [158] 

E.coli biomass    __ __ 37°C, 72 h [159] 

Baker’s yeast/NADPH   5.9a Adsorbed 35–40°C, 72 h  [160] 

Wild carrot roots  11.9a Adsorbed 25°C, 72 h [161] 

Proteins 

Bovine serum albumin/NaOH    ___ Adsorbed 55–90°C, 3–24 h [162] 

Hormones 

Melatonin/NH3   ___ Adsorbed 80°C, 3 h [163] 

a X-ray photoelectron spectroscopy. b Elemental analysis. c Energy dispersive spectroscopy.  

d
 Reduction carried out in aqueous medium or pure solution of the reducing agent unless 

stated otherwise. 
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1.2.5. Thermal reduction of GO 

Thermal and hydrothermal reduction of graphite oxide is also used by various researchers since 

it offers a nonchemical approach to obtain reduced graphite oxide, which may not contain 

residues of toxic reductants commonly found in the chemical approach. In the initial stages of 

graphene research, rapid heating (>2000°C/min) was usually used to exfoliate graphite oxide 

to graphene [48, 164-166]. The mechanism of exfoliation is mainly the sudden expansion of 

CO or CO2 gases that developed into the spaces between graphene sheets during the rapid 

heating of the graphite oxide. The rapid temperature increase makes the oxygen containing 

functional groups attached on carbon plane decompose into gases that create huge pressure 

between the stacked layers. Based on state equation, a pressure of 40 MPa is generated at 

300°C, while 130 MPa is generated at 1000°C [48].  

The exfoliated sheets can be directly named graphene (or chemically derived graphene) rather 

than GO, which means that the rapid heating process not only exfoliates graphite oxide but also 

reduces the functionalized graphene sheets by decomposing oxygen-containing groups at 

elevated temperature. This dual effect makes thermal expansion of graphite oxide a good 

strategy to produce bulk quantity graphene [167]. However, this procedure is found only to 

produce small size and wrinkled graphene sheets [48]. This is mainly because the 

decomposition of oxygen-containing groups also removes carbon atoms from the carbon plane, 

which splits the graphene sheets into small pieces, and results in the distortion of the carbon 

plane. 

A notable effect of thermal exfoliation is the structural damage to graphene sheets caused by 

the release of carbon dioxide [168]. Approximately 30% of the mass of the graphite oxide is 

lost during the exfoliation process, leaving behind lattice defects throughout the sheet [48]. An 

alternative way is to exfoliate graphite oxide in the liquid phase, which enables the exfoliation 

of graphene sheets with large lateral sizes [169]. The reduction is carried out after the formation 

of macroscopic materials, e.g. films or powders, by annealing in inert or reducing atmospheres. 

In this strategy, the heating temperature significantly affects the effect of reduction on GO [48, 

170-172]. Schniepp et al. [48] found that if the temperature was less than 500°C, the C/O ratio 

was no more than 7, while if the temperature reached 750°C, the C/O ratio could be higher than 

13. Wang et al. [171] annealed GO thin films at different temperatures, and showed that the 

volume electrical conductivity of the reduced GO film obtained at 500°C was only 50 S/cm, 

while at 700°C and 1100°C it could be 100 S/cm and 550 S/cm, respectively. Wu et al. [172] 
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used arc-discharge treatment to exfoliate graphite oxide to graphene since the arc-discharge 

could provide temperatures above 2000°C in a short time. 

Based on the above results, reduction of GO by high temperature annealing is highly effective. 

But the drawback of thermal annealing is also obvious. First, high temperature means large 

energy consumption and critical treatment conditions. Second, if the reduction is performed to 

an assembled GO structure, e.g. a GO film, heating must be slow enough to prevent the 

expansion of the structure, otherwise quick heating may explode the structure just like the 

exfoliation of graphite oxide. But slow heating makes the thermal reduction of GO a time-

consuming process. Finally and importantly, some applications need to assemble GO on 

substrates, e.g. thin carbon films, but the high temperature means that this reduction method 

cannot be used for GO films on substrates with a low melting-point, such as glass and polymers. 

 

1.2.6. Photo-catalytic method 

GO can also be reduced by photo-chemical reactions with the assistance of a photocatalyst like 

TiO2. Recently, Williams et al. reported the reduction of GO in a colloid state with the 

assistance of TiO2 particles under ultraviolet (UV) irradiation [49]. As they showed, a change 

in colour from light brown to dark brown and finally to black can be seen as the reduction of 

GO. This colour change has previously been suggested to be due as partial restoration of the 

conjugated network in the carbon plane like that in chemical reduction processes [173]. Before 

reduction, the carboxyl groups in GO sheets can interact with the hydroxyl groups on the TiO2 

surface by charge transfer, producing a hybrid between the TiO2 nanoparticles and the GO 

sheets, and this structure can be retained after reduction. The rGO sheets can work as a current 

collector to facilitate the separation of electron/hole pairs in some photovoltaic devices like a 

photocatalysis device [174] and a dye-sensitized solar cell [175]. Following the same idea, 

some other materials with photocatalytic activity, like ZnO [176] and BiVO4 [177], have also 

been reported to achieve the reduction of GO. 

 

1.2.7. Electrochemical method 

Another method that shows promise for the reduction of GO relies on the electrochemical 

removal of oxygen functionalities [50, 178, 179]. Electrochemical reduction of GO sheets or 

films can be carried out in a normal electrochemical cell using an aqueous buffer solution at 

room temperature. The reduction usually needs no special chemical agent, and is mainly caused 
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by the electron exchange between GO and electrodes. In principle, this could avoid the use of 

dangerous reductants (e.g. hydrazine) and the need to dispose of the by-products. 

After depositing a thin film of GO on a substrate (glass, plastic, ITO, etc.), an inert electrode 

is placed opposite to the film in an electrochemical cell; the reduction occurs during charging 

of the cell. By cyclic voltammetric scanning in the range of 0 to -0.1 V (respect to a saturated 

calomel electrode) to a GO-modified electrode in a 0.1 M KNO3 solution, Ramesha and 

Sampath [180] found that the reduction of GO began at -0.6 V and reached a maximum at -

0.87 V. The reduction can be achieved by only one scan and is an electrochemically irreversible 

process in this scanning voltage range. Zhou et al. [178] reported the best reduction effect using 

an electrochemical method. They found that the potential needed to realize the reduction is 

controlled by the pH value of the buffer solution. A low pH value is favourable to the reduction 

of GO, so the authors proposed that H+ ions participate in the reaction. An et al. [181] used 

electrophoretic deposition (EPD) to make GO films. They found that GO sheets can also be 

reduced on the anode surface during EPD, which seems counter-intuitive to the general belief 

that oxidation occurs at the anode in an electrolysis cell. Though the reduction mechanism is 

not clear, the simultaneous film assembly and reduction might be favourable to some 

electrochemical applications. 

As with many of the aforementioned methods, the reduction mechanism remains unclear. 

Though this route appears to be extremely effective (and yet mild) at reducing the extant oxide 

functionality, and it precludes the need for hazardous chemical reactants and their by-products, 

electrochemical reduction has not been demonstrated on a large sample. The deposition of 

reduced graphene oxide onto the electrodes is likely to render bulk electrochemical reduction 

difficult on a preparative scale. Scalability is a fundamental requirement of a useful synthetic 

protocol if graphene is to be broadly utilized. 

 

1.2.8. Other methods  

In recent years, scientists have discovered methods for the reduction of GO based on photo-

irradiation [182, 183], bacterial respiration [156-158] and un-zipping carbon nanotubes 

(CNTs). 

The photo-irradiation methods are UV-induced photocatalytic reduction [183], photo-thermal 

reduction using a pulsed Xenon flash [184], selective reduction by direct laser writing [185] 

and laser converted graphene from GO [186]. The main advantage of photo-irradiating process 
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is that it does require neither chemicals nor high temperatures. Pulsed laser irradiation was 

demonstrated by Huang et al. [187] to reduce GO with removal of most of the oxygen 

functional groups. The reduced GO produced by this method showed a good electrical 

conductivity. Pulsed laser irradiation is simple, fast, consumes very less energy and is 

environmentally friendly compared to conventional chemical and thermal reduction methods. 

Femtosecond laser was also used for the reduction of GO in aqueous solution without any 

reducing agents [188]. The femtosecond laser has shorter laser pulse duration than the electron 

cooling time, and thus transfers minimum heat into the target materials. Several researchers 

used different techniques such as continuous wave diode laser [185], pulsed laser excitation 

[189] and picosecond pulsed laser irradiation [190] to reduce GO. These methods appeared to 

be a promising procedure for large-scale synthesis of graphene and open a new method to 

produce graphene composites for wide range of applications. 

GO can be reduced to graphene in a normal aerobic setup under ambient conditions as mediated 

by microbial respiration of Shewanella cells and E. coli bacteria [156-158]. The reduction of 

the GO sheets by the bacterial suspension in the provided anaerobic condition can be assigned 

substantially to the metabolic activity of the bacteria (and partially to the glucose of the 

bacterial suspension). The promotion in the level of reduction of the GO sheets by increasing 

the contact time can be also assigned to increase in the number of the surviving bacteria 

contributing to the glycolysis process [158]. In addition to the Shewanella strains reported by 

Salas et al. [156, 191],  GO was reduced by Shewanella bacterium through transferring 

metabolically-generated electrons from its cell interior to GO as an external electron acceptor. 

A very recent method of graphene synthesis has used multi-walled carbon nanotubes 

(MWCNTs) as the starting material [192]. The process is popularly known as ‘unzipping of 

CNTs’. MWCNTs can be opened up longitudinally by using intercalation of Li and ammonia, 

followed by exfoliation in acid and abrupt heating [193]. The product, among nanoribbons and 

partially opened MWCNTs, also contained graphene flakes. In another study [194], graphene 

nanoribbons were produced by plasma etching of MWCNTs, partially embedded in a polymer 

film. The etching treatment basically opened up the MWCNTs to form graphene. In a different 

approach as shown in Figure 1.7 [195], MWCNTs were unzipped by a multi-step chemical 

treatment, including exfoliation by concentrated H2SO4, KMnO4 and H2O2, stepwise oxidation 

using KMnO4 and finally reduction in NH4OH and hydrazine monohydrate (N2H4·H2O) 

solution. This new process of unzipping MWCNTs to produce graphene creates possibilities 

of synthesizing graphene in a substrate-free manner.   
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Figure 1.7: Sketch showing the different ways nanotubes could be unzipped to yield 

graphene nanoribbons (GNRs): (a)intercalation-exfoliation of MWCNTs, involving 

treatments in liquid NH3 and Li, and subsequent exfoliation using HCl and heat treatments; 

(b) chemical route, involving acid reactions that start to break carbon-carbon bonds (e.g. 

H2SO4 and KMnO4 as oxidizing agents) [196]. 

 

1.3. Properties of graphene  

1.3.1. Surface properties 

Single-layer graphene is theoretically predicted to have large surface area of  ~2630 m2 g-1, 

surpassing that of graphite (~10 m2 g-1), and being two times larger than that of single-walled 

carbon nanotubes (SWCNTs) (~1315 m2 g-1) [1, 8]. Surface areas of different few layers 

graphene samples have been measured by the Brunauer-Emmett-Teller (BET) method and are 

in the range of 270-1550 m2 g-1. Large surface area is an essential characteristic of an electrode 

material, particularly in sensing devices, and energy production and storage. For example, the 

high surface area of electrically conductive graphene sheets can give rise to fast electron 

transfer and high densities of attached analyte molecules. This in turn can facilitate high 

sensitivity and device miniaturization. Moreover, high surface area provides an excellent 

platform for the chemical functionalization. 
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1.3.2. Electronic properties 

Isolated graphene crystallites exhibit exceptional electronic properties. The electrical 

conductivity of graphene has been calculated to be ~64 mS cm-1, which is approximately 60 

times more than that of SWCNTs [197]. Its conductivity remains stable over a wide range of 

temperature and even in liquid-helium, a temperature which is essential for reliability within 

many applications [8].  

One of the most interesting aspects of graphene is its highly unusual nature of charge carriers, 

which behave as massless relativistic particles (Dirac fermions). Dirac fermions behaviour is 

very abnormal compared to electrons when subjected to magnetic fields for example, the 

anomalous integer quantum Hall effect (QHE) [9, 198]. This effect was even observed at room 

temperature [10]. The band structure of single layer graphene exhibits two bands intersecting 

at two in equivalent point K and K’ in the reciprocal space. Near these points electronic 

dispersion resembles that of the relativistic Dirac electrons. K and K’ are referred as Dirac 

points where valence and conduction bands are degenerated, making graphene a zero band gap 

semiconductor (Figure 1.8).  

     

 

 

 

 

 

 

 

Figure 1.8: Band structure of graphene. The conduction band touches the valence band at the 

K and K’ points [199]. 

 

It reveals itself in a pronounced ambipolar electric field effect at room temperature with the 

concentration of charge carriers up to 1013 cm-2 and mobilities of ~10000 cm2V-1s-1, when a 

gate voltage is applied [39]. 
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Besides, suspended graphene shows an ultra-high low-temperature mobility approaching 200 

000 cm2V-1s-1 for carrier densities below 5 × 109 cm-2 [200]. 

 

1.3.3. Optical properties 

Graphene's unique optical properties produce an unexpectedly high opacity for an atomic 

monolayer suspended in vacuum, with a measured white light absorbance of 2.3% and a 

negligible reflectance (<0.1%). Absorbance increases linearly with the layers number from 1 

to 5 (Figure 1.9) [201, 202].  

 

 

 

 

 

 

 

 

 

Figure 1.9: Looking through one-atom-thick crystal. (A) Photograph of a 50-μm aperture 

partially covered by graphene and its bilayer. The line scan profile shows the intensity of 

transmitted white light along the yellow line. (B) Transmittance spectrum of single-layer 

graphene (open circles). The red line is the transmittance T= (1+0.5πα)–2 expected for two 

dimensional Dirac fermions, whereas the green curve takes into account a nonlinearity and 

triangular warping of graphene’s electronic spectrum. (Inset) Transmittance of white light as 

a function of the number of graphene layers (squares) [202]. 

 

In addition, the optical transition can be modified by changing the Fermi energy considerably 

through electrical gating [203]. Another property of graphene is its photoluminescence (PL). It 

is possible to make graphene luminescent by inducing a suitable band gap. Two routes have 

been proposed. The first method involves cutting graphene into nanoribbons and quantum dots. 
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The second one is a physical or chemical treatment with different gases to reduce the 

connectivity of the π electron network [4, 204]. For example it was shown that PL can be 

induced by oxygen plasma treatment of graphene single layer on silicon substrate covered with 

100 nm SiO2  [205]. This gives an opportunity of making hybrid structures by etching just the 

top layer, while keeping the underlying layer unaffected. Broad PL from solid GO and liquid 

GO suspension was also observed. The progressive chemical reduction of GO into rGO 

quenched the PL, whereas oxidation increases PL by producing a disruption of the π network 

and opening a direct electronic band gap [206]. 

Fluorescent organic compounds are very important for the development of low cost 

optoelectronic devices [207]. Particularly blue fluorescence from aromatic or olefin molecules 

and their derivatives are important for display and lighting applications [208]. Blue PL was 

observed for GO thin films deposited from thoroughly exfoliated suspensions [209]. The PL 

characteristic and its dependence on the reduction of GO originate from the recombination of 

electron–hole pairs localized within small sp2 carbon clusters embedded within the GO sp3 

matrix [209]. 

The exceptional electrical properties in conjunction with optical properties have fuelled lot of 

interests in novel photonic and optoelectronics devices [210-212]. Numerous promising 

applications using graphene have been suggested, including photodetectors, touch screens, 

light emitting devices, photovoltaics, transparent conductors, terahertz devices and optical 

limiters. 

 

1.3.4. Mechanical properties 

The mechanical properties of monolayer graphene membranes were measured based on 

nanoindentation using atomic force microscopy (AFM) [11]. Measurements have shown that 

graphene has a breaking strength of 42N m-1 which is over 100 times greater than a hypothetical 

steel film of the same thickness [5, 213]. The tensile modulus (stiffness) is 1 TPa (150,000,000 

psi). 

The discussed experimental data on the Young modulus (E = 1 TPa) and the intrinsic strength 

(σ = 130 GPa) exhibited by pristine graphene are consistent with computer simulations [214], 

showing values of E = 1.05 TPa and σ = 110 GPa [215]. These values of E and σ are extremely 

large and make graphene to be very attractive for structural and other applications. This value 
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is one of the highest ever measured for real materials like diamond  [216]. At the same time, 

graphene can be easily bent, and this specific behavioural feature can be exploited in practice.  

These exceptional mechanical properties of graphene are of utmost importance for its 

applications, because they are highly needed (i) to exploit it as a superstrong structural material; 

(ii) to understand and control durability of graphene used in electronics and energy storage; 

(iii) to plastically form curved graphene specimens for electronics and structural applications; 

(iv) to exploit nanocomposites with graphene inclusions as structural and/or functional 

materials [215]. 

The strain on graphene may change electronic band structure, which indicates that the energy 

band gap can be tuned by introduction of controlled strain [217]. The elastic deformation of 

functionalized graphene sheets (FGSs), or chemically reduced graphene oxide has also been 

studied by AFM. After repeatedly folding and unfolding of the FGSs multiple times, the folding 

lines were found to appear at the same locations, which can be attributed to the pre-existing 

kinks or defect lines in the FGSs [201]. 

 

1.3.5. Thermal properties 

The thermal conductivity (κ) of graphene is dominated by phonon transport, namely diffusive 

conduction at high temperature and ballistic conduction (transport without scattering) at 

sufficiently low temperature [218].     

Thermal stability is one of the key factors for better performance and reliability of electronic 

devices. Considerable amount of heat generated during the device operation needs to be 

dissipated. Carbon allotropes such as graphite, diamond, and carbon nanotubes have shown a 

higher thermal conductivity due to strong C-C covalent bonds and phonon scattering [217]. 

Earlier, carbon nanotubes were known to have the highest thermal conductivity values at room 

temperature i.e. ~3000 W/mK for MWCNTs [219] and 3500 W/mK for single walled CNTs 

[220].  

The thermal conductivity (κ) of single-layer suspended graphene at room temperature depends 

on the size of the measured graphene sheet [13]. Recently, the highest room temperature 

thermal conductivity up to 5000 W/mK for single-layer suspended graphene (defect-free) has 

been reported [13], whereas the thermal conductivity decreases to ~600 W/mK when graphene 

is supported on amorphous silica, a case similar to practical application. This reduction is 
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attributed to the leaking of phonons across the graphene–silica interface and strong interface-

scattering [221]. Nevertheless, this value is still about twice and 50 times higher than copper 

and silicon, respectively, which are widely used in the electronics today. 

Graphene is often thought to hold advantages over other materials because of its higher thermal 

conductivity. Thus, high thermal conductivity could suggest very good heat sinking and low 

temperature rise during device operation. However, under high-field and high-temperature 

(i.e., typical circuit) operating conditions, significant dissipation and temperature rise can 

nevertheless occur in graphene devices [222, 223]. 

 

1.3.6. Photo-catalytic properties 

Recently, significant attention has been given to the application of graphene-based hybrid 

materials with semiconducting properties in photoelectrochemistry areas like electrochemical 

solar cells, photocatalytic degradation of organic pollutants, water splitting for hydrogen 

evolution, photocatalytic conversion of fuels, etc. An electron transition from valence band to 

conduction band in semiconductors upon excitation by a photon (E ≥ Eg – Eg is the band gap) 

generates an electron-hole pair (an electron in conduction band and a positive hole in the 

valence band) [41, 224]. 

The photoelectrochemical performance and the visible light absorption by the semiconductor 

materials have been improved by different metal-ion doping, anion doping, adding hole 

scavengers (electron donors), creating oxygen vacancies, adding co-catalyst, loading noble 

metal particles, dye sensitization and forming composite semiconductors. The excellent 

absorptivity, transparency, conductivity, nontoxicity, diverse functionalities and controllability 

of graphene led to its super photoelectrochemical performance by making its hybrids with 

semiconductors. The band gap and band potentials of the semiconductors are important for the 

particular type of photocatalytic process, as depicted in Figure 1.6. Graphene is considered to 

be an outstanding candidate for hybrid photocatalytic materials [225] with a work function 

around -4.4 eV, whereas important semiconductor have their conduction band position at 

around –3.5 eV (with respect to vacuum level, Figure 1.10). This helps in the photogenerated 

electron transfer process from conduction band of the semiconductor to graphene surface [226]. 
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Figure 1.10: Electronic band gap and band potentials of different semiconductors and metals 

[227]. 

This delocalization of the photogenerated electron on graphene surface inhibits the 

recombination of electron hole pairs within the semiconductor, thus leading to an increase of 

the photocatalytic efficiency.  

Graphene in nanocomposite photocatalytic materials also plays an important role by increasing 

the solar light absorption efficiency. Graphene also decreases the band gap of the 

semiconductors leading to an efficient solar light absorber. For example, TiO2 (P25) 

nanoparticles are active in UV light [174]; however, they become effective visible light catalyst 

in conjugation with graphene [228]. ZnS nanoparticles extend their absorption edge towards 

the visible range in conjugation with graphene [229]. BiOBr nanoparticles conjugated to 

graphene have a smaller indirect band gap than that of pure BiOBr material [230]. In addition, 

graphene with its high surface area provides sufficient space for the adsorption of organic 

pollutants [231], which is one of the key factors for heterogeneous photocatalysis. 

1.3.7. Magnetic properties 

There has been considerable interest on the magnetism of nanographite particles for some time. 

Enoki et al. [232] pointed out that edge states as well as adsorbed or intercalated species play 

an important role in determining magnetic properties of these nanographite particles [87].  
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Room temperature ferromagnetism has been later observed in highly oriented pyrolytic 

graphite (HOPG) [233, 234]. Some reports have predicted that ferromagnetic ordering could 

exist among various defects on graphene structures, such as vacancy, topological defects or 

frustration, and hydrogen chemisorption or perhaps the edge. Graphene-like character [235] 

originates from the carbon π-electron system rather than from possible d-element impurities. 

Similar observation has been carried out in carbon nanotubes (CNTs) under particular 

conditions [236]. Their growth inside alumina templates produces a high number of defects 

resulting from the elevated amount of hydrogen uptake during the annealing process. In this 

case ferromagnetism has been observed up to 1000K. Recently, magnetic properties of 

graphene samples prepared by thermal exfoliation of graphite oxide, conversion of nano-

diamond, arc evaporation of graphite and partial chemical reduction of graphene oxide have 

been studied [237, 238]. Magnetic properties of graphene reveal that dominant ferromagnetic 

interactions coexist along with antiferromagnetic interactions in all of the samples.  

It is not possible to exactly know the origin of magnetism in the graphene samples although 

defects and edge effects are playing a major role. We can also consider that the contamination 

of metal impurity detected in the samples (like Fe, Co, Ni) as sources of magnetism in the 

graphene [239 , 240]. 

 

1.4. Characterizations of graphene 

Usually graphene are characterized by microscopy (SEM, TEM, AFM), spectroscopic (UV-

Vis, FT-IR, Raman, XPS) and thermal (TGA) techniques. Short accounts of these 

characterization techniques are discussed here. 

1.4.1. Morphology (SEM, TEM and AFM) 

Scanning Electron Microscopy (SEM) or field emission scanning electron microscopy 

(FESEM) allow to examine the topography, morphology, composition and crystallographic 

information of materials with sizes and shapes of the crystallites that constitute graphene 

sheets. [241, 242]. Electron beam is used to scan samples in a SEM or FESEM microscope. 

When the electron beam is moved across the surface of the sample, the charge will be 

accumulated on it that would affect the imaging if the sample is not conducting. Figure 1.11 

shows an example of SEM, TEM and AFM images of graphene. 
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Transmission electron microscopy (TEM) can also accurately identify the thickness of a 

graphene sheet. In TEM, a beam of electrons is transmitted through the sample and an image 

is formed onto a phosphor screen so that the image can be seen which is different with SEM 

[241].  

 

 

 

 

 

 

 

 

 

 

Figure 1.11: (A) AFM image (a) and the thickness (b) of a monolayer graphene sheet 

deposited on mica [243]. (B) TEM image (c) of graphene nanosheets, resembling crumpled 

silk. The featureless regions indicated by the arrows are monolayer graphene. High 

magnification TEM of Co3O4/graphene composite (d) [138, 244]. (C) SEM image of a 

monolayer graphene sheet (e), and aggregated reduced GO sheets (f) [92, 245]. 

 

As reported by Hernandez et al. [45], the appearance of stable and transparent graphene sheets 

in the TEM analysis indicates the presence of single-layer graphene, and the edges of the 

suspended film always fold back, allowing a cross-sectional view of the film. 

With high resolution TEM (HRTEM), the investigation of the edges provides a precise way to 

measure the number of layers at multiple locations on the film [61]. Additionally, TEM is a 

suitable tool to explore graphene/nanoparticles composites [98, 244, 246]. 

Another technique which is often used to study the sample thickness and morphology is Atomic 

Force Microscopy (AFM). This method uses the Van der Waals forces between a tip (a few nm 

long and tens of nm wide) and the sample surface. These interactions produce a deflection of 
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the cantilever which sustains the tip which can be measured and converted to obtain the sample 

profile. A pristine graphene and GO can be distinguished based on the different thickness using 

AFM imaging. This can be explained by the interaction forces between the AFM tip and the 

functional groups. Paredes et al. [247] demonstrated that chemically reduced and unreduced 

GO nanosheets can be distinguished using attractive regime of tapping-mode AFM. Besides 

thickness and imaging characterization, different AFM modes can be used to study the 

mechanical [11], frictional, electrical, magnetic and elastic properties of graphene nanosheets.  

1.4.2. Raman spectroscopy 

In Raman spectroscopy, the inelastic scattering of monochromatic light from a laser is used to 

study vibrational and rotational modes in a material. This allows the study of important physical 

and chemical phenomena in graphene, in a fast and non-destructive way. The first remarkable 

potential is the identification of single-layer graphene flakes and their distinction from 2-

layer/few-layer graphene [248]. Other properties can be detected and studied by Raman such 

as disorder, doping [249], and strain [250]. Carbon allotropes possess their identity at D, G, 

and 2D peaks around 1350, 1580 and 2700 cm-1, respectively under Raman spectroscopy 

investigation. The D-band of GO arising from the stretching of sp3 carbons of graphene sheets 

occurs at 1350 cm-1 and a G-band due to the stretching of sp2 carbon occurs at 1580 cm-1; this 

band is associated to the doubly degenerated E2g phonon mode at the Brillouin zone centre 

[251, 252]. The D band appears due to the presence of disorder in atomic arrangement, e.g. 

impurities and edges which break the translational symmetry [59]. The most important band to 

study is the shape and intensity of 2D band of graphene and graphite. A single sharp peak can 

be observed for 2D band of monolayer graphene whereas, two peaks appear in graphite for this 

band [253]. The number of graphene layers increases proportionally with an increase in G band 

intensity as shown in Figure 1.12 [253, 254]. 

The ratio of peak intensities ID/IG can be used to investigate the level of disorder in graphene 

[255, 256]. The ratio of the D to G intensities varied inversely with the crystallite size. When 

the disorder increases, ID/IG shows two different regimes: low defect density and high defect 

density. In low defect density regime, ID/IG will increase when higher defect density occurs and 

creates more elastic scattering. However, ID/IG will start to decrease when defect density 

increases which is attributed to more amorphous carbon structure in high defect density 

regime[257]. These two regimes are called nanocrystalline graphite and are mainly sp2 

amorphous carbon phases, respectively [257-259]. Comparison of Raman spectra between 

graphite, single and few layer graphene and GO, rGO are shown in Figure 1.12. 



43 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: The Raman spectra of (a) monolayer, bilayer, tri-layer, and four-layer graphene 

on quartz; (b) graphene, GO and rGO; (c) The enlarged 2D-band regions with the curve fit 

are shown in panels [254]. 

 

1.4.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) deals with the elemental composition, empirical 

formula, chemical state and electronic state of the elements that exist within a material [260]. 

XPS can be used to analyse the different oxidation states of carbon in both GO and rGO; thus 

GO and rGO can be differentiated [261, 262]. In the case of GO and the reduced exfoliated GO 

[92], the C1s XPS spectrum of GO (Figure 1.13) clearly indicates a considerable degree of 

oxidation with four components that correspond to carbon atoms of different functional groups: 

the non-oxygenated ring C, the C in C–O bond, the carbonyl C=O, and the carboxylate carbon 

(O–C=O). Although the C1s XPS spectrum of the reduced exfoliated GO also exhibits these 

same oxygen functionalities, their peak intensities are much smaller than those in GO, making 

the C-C peak predominant. The additional nitrogen bonded C (C−N) comes from the reduction 

process with hydrazine [261]. The comparison of XPS spectra between GO and rGO suggests 

that most of the oxygen functional groups in GO have been removed during the reduction 

process using hydrazine.  

XPS also allows to characterize the defects in rGO/GO and provides a qualitative information 

of the defects. In XPS, the ratio of C1s to O1s peak can be related to the estimation of the defect 

Raman shift (cm-1) Raman shift (cm-1) 

(b) 

GO 

rGO 

Graphene 
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density in rGO sheets. A higher ratio values correspond to better reduction with lower defects 

[263]. 

 

 

 

 

 

 

 

 

Figure 1.13: C1s XPS spectra of (A) GO and (B) rGO [261]. 

 

1.4.4. UV-Visible spectroscopy 

 UV-Vis spectroscopy (Figure 1.14) can provide a general information about graphene 

formation and the number of layers [264, 265]. The strictly two-dimensional graphene exhibits 

an absorption peak at around 262 nm, while a single-layer of GO shows absorption at around 

228 nm in the UV-Vis spectrum [96]. This is attributed to the π-π* transitions of aromatic C-C 

bonds. Also the transparency of GO is much higher than that of graphene, which originates 

from the recovery of sp2 carbons from chemically derived graphene after reduction. This is an 

indication of the restoration of electronic conjugation in reduced graphene. In addition, the 

transparency of stacked graphene is much lower than that of the monolayer graphene. Sun et 

al. [266] have reported that monolayer graphene shows transmittance of 97.1% at a wavelength 

of 550 nm, while it is 94.3% for bilayer graphene, which shows a linear enhancement of  the 

ultraviolet absorption [262].  
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Figure 1.14:  UV-Vis absorption spectra of GO and rGO suspensions (left); UV–Vis 

absorption spectra of monolayer graphene and bilayer graphene (right) (peaks are labelled 

with the wavelength of maximum absorption and the value of maximum absorption). The UV 

transmittance (T, %) is measured at 550 nm [148, 266]. 

 

1.4.5. X-ray diffraction (XRD) 

 X-ray diffraction (XRD) is a versatile, non-destructive analytical technique which provides 

the chemical composition and crystallographic structure of materials. It gives detailed 

information about the lattice parameter, lattice defects, lattice strain, crystallite size (in case of 

nanoparticles) and the type of molecular bond of crystalline phase. 

Pristine graphite exhibits a basal reflection (002) peak at 2=26.6°, indicating that the interlayer 

distance of graphite powder was 3.34 Å in the XRD pattern. Upon oxidation of pristine 

graphite, the (002) reflection peak shifts to a lower angle at 2=11.2°, which indicates that the 

graphite was fully oxidized into GO with an interlayer distance of 7.9 Å. This increase in d 

spacing is due to the intercalation of water molecules and generation of oxygen functionality 

in the interlayer spacing of graphite. When graphite oxide is completely exfoliated to a single 

layer of rGO, it should be similar to graphene and a straight line with no apparent diffraction 

peak in the XRD pattern is obtained (Figure 1.15). On other hand, we can see the XRD pattern 

of the rGO yields only a new narrow peak at 2=24.16°, suggesting that the rGO is fully 

reduced [267, 268]. The interlayer distance of rGO is 3.68 Å, which is fairly close to that of 

graphite powder (3.34 Å) [42, 269].  
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Figure 1.15:  X-ray diffraction patterns of pristine graphite, graphite oxide, reduced graphene 

oxide and graphene [113, 270]. 

 

1.4.6. Thermogravimetric analysis (TGA) 

TGA is an analytical technique used to determine thermal stability of a material and its fraction 

of volatile components by monitoring the change in weight that occurs as a specimen is heated 

[271]. The measurement is normally conducted in air or in an inert atmosphere, such as helium 

or argon, and the weight is recorded as a function of increasing temperature [92]. TGA is a tool 

to analysis and to quantify organic species between the graphene layers and probing the 

effectiveness of oxidation and reduction reactions [125]. 

TGA analysis was conducted to test the thermal stability of GO sheet and compare it with the 

rGO and the precursor graphite as shown in Figure 1.16. The TGA analysis of graphite shows 

its high thermal stability even at 1000°C. Since GO is thermally unstable, it starts losing mass 

from 100°C due to  the evaporation of volatiles and adsorbed water molecules in the GO sheet 

layers. The major mass loss occurs at 200°C due to the removal of oxygen-containing 

functional groups such as -OH, epoxide and COOH etc. [272]. In case of rGO, already the 

oxygen-containing functional groups were removed during the reduction process, so the total 

weight loss is found within the temperature range of 300–900°C; it can be assigned to the 
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presence of some remaining organic species on the rGO sheets, yielding a better thermal 

stability than the GO [106]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: TGA plots of graphene, GO and rGO. rGO had better thermal stability than         

GO [273]. 

1.4.7. FTIR spectroscopy  

The FTIR technique has been suitably modified to enable the study of nanoscale objects. It 

provides important information about chemical bonding in many newly developed nano 

materials. FTIR spectra analysis is performed to investigate the structure and functional groups 

of materials [274] . 

The GO sheets display various oxygen configurations i.e. hydroxyl (namely phenol, C–OH) 

(3050–3800 cm−1 and 1070 cm−1 ) with all C–OH vibrations from COOH and H2O, carboxyl 

(ketonic species) (C=O) (1600–1650 cm−1, 1750–1850 cm−1 including C–OH vibrations at 

3530 and 1080 cm−1) , sp2-hybridized C=C (1500–1600 cm−1, in-plane vibrations), and 

vibration modes of ether or epoxide (C–O–C) (1000–1320 cm−1) groups [273, 275, 276]. After 

GO reduction, all the characteristic absorption bands of oxygen-containing groups (O–H, C=O, 

and C–O) are substantially weakened and almost eliminated [272, 277]. In the spectrum of 

graphene, the absorption bands near to 3432 cm-1 are known to be due to O-H stretching 
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vibrations; the peak located near 1614 cm-1 is attributed to the skeletal vibration of C=C sp2 

bonds[278] (Figure 1.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17: FTIR spectra of graphene, fresh graphene oxide and rGO [277]. 

1.5. Decoration of graphene with metal nanoparticles 

Nanocomposites are hybrid materials, which make combination of the individual properties of 

the component materials resulting in synergistic and novel properties.  

GO can be readily dispersed in water to yield stable dispersions by simple sonication. GO is 

known to be a good substrate for the dispersion of metal or semiconductor nanoparticles (NPs) 

because of functional groups such as hydroxyl, carbonyl, and epoxy moieties [279]. Moreover, 

these oxygen-containing functional groups can act as nucleation centres or anchoring sites for 

the attachment of nanoparticles [280, 281].  

When the size of the metal/metal oxide nanoparticles is in the range of a few to about 100 

nanometers, the metal/metal oxide nanoparticles are small and can be easily decorated onto the 

GO or rGO sheets. 
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There are many advantages associated with graphene as a substrate for the dispersion of 

nanoparticles (i) the limited growth of nanoparticles, and their improved stability and 

dispersion on GO or rGO; (ii) the attached nanoparticles are also useful for enlarging the 

interplanar spacing of the GO or rGO in the solid state, and for avoiding the aggregation of GO 

or rGO sheets into graphitic structure [282-284]; (iii) a high-specific surface area which could 

prevent the aggregation of nanoparticles; (iv) excellent properties of individual GO or rGO 

sheets such as thermal conductivity with an excellent thermal stability [13], high mobility of 

charge carriers, optical transmittance [285, 286], etc. . 

Because of these above advantages, graphene-based nanocomposites have been intensively 

developed, and found to show a range of unique and excellent applications, which are attracting 

most attention in these days, like optoelectronic applications, fabricated into transparent 

conductive films, selectivity and efficiency of catalytic processes, photocatalytic applications, 

solar cells and so on [224, 287].  

Such nanocomposites can be produced by anchoring various types of nanoparticles onto the 

surface of graphene sheets through both in situ (e.g., growing the nanoparticles on the graphene 

surface) and ex situ (e.g., attaching premade nanoparticles to the graphene surface) methods 

(Scheme 1.1). 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1: Summary of various synthetic techniques for two classes of hybrids: 

nanoparticles decorated on graphene or its derivatives. 
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1.5.1. In situ decoration of nanoparticles onto graphene, GO and rGO  

 Achieving uniform surface coverage of nanocrystals on rGO is very difficult in the ex-situ 

method of composite synthesis. In comparison, the in-situ technique gives uniform surface 

coverage by controlling the nucleation sites on rGO through surface modification. In situ 

reduction of metal salts followed by nucleation on graphene sheets is widely used to synthesize 

metal nanoparticle/rGO and metal nanoparticle/rGO hybrids [288, 289]. 

Out of several possibilities, chemical reduction method has been the most popular technique to 

grow metal nanostructures on graphene. The reductions of metal precursors, for example 

HAuCl4, AgNO3, K2PtCl4, using reducing agents such as sodium hydroxide [290], sodium 

borohydride [98, 291], ascorbic acid [292] and ethylene glycol [293] were reported under facile 

and mild reaction conditions. More particularly, the negatively charged functional groups that 

exist on the surface of GO allow for the nucleation of positively charged metallic salts, resulting 

in the growth of metal nanoparticles on the GO surface. Moreover, by controlling the density 

of oxygen-containing groups on the GO and rGO surface, one can easily tune the density of 

nanoparticles formed on the resulting graphene-nanoparticle composites. The reaction 

mechanism is similar to conventional nanoparticle synthesis methods in solution and follows 

the steps of reduction, nucleation and particle growth. Figure 1.18 shows GO-Au nanoparticles 

composite. 

The functionalities that exist on the GO and rGO surface, such as alcohols, carbonyl groups, 

and acids, are responsible for the attachment of free metal ions through electrostatic 

interactions. Subsequently, the addition of a reducing agent promotes the reduction of the 

attached metal ions, thereby enabling the growth of metal nanoparticles on the GO and rGO 

surfaces [99]. 

Another method of deposition of nanoparticles on the inert surface of graphene is performed 

with the help of thermal evaporation [294], pulse laser deposition (PLD) [295, 296], or 

sputtering method [297]. By using these techniques, defect-free graphene is preserved and the 

high electron mobility is maintained. Therefore, these hybrids normally exhibit good 

performance in nanocapacitors [297] and counter electrodes [295, 296]. However, the 

requirements of high pressure (10-4
 Pa) and high temperature (1260°C) associated with high 

cost and low synthesis efficiency have limited these techniques when applied in large-scale 

production.   

 



51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18: Graphene-nanoparticle composite composed of GO sheets decorated with 

AuNPs. (A) AFM image of a single GO sheet and (B) a GO sheet decorated with 3.5 nm 

AuNPs. The corresponding curves on the right side show the thicknesses of the GO sheet and 

the GO/AuNPs sheet (C and D). TEM images of the GO/AuNPs sheet with different 

magnifications. Inset of (D) shows a high-resolution TEM image of a single AuNP [291]. 

 

The hydrothermal method is another commonly used approach to synthesize nanoparticles with 

a high crystallinity on a single layer surface of carbon. To prepare graphene nanocomposites 

by hydrothermal or solvothermal processing, the precursor is mixed with graphene or GO in 

solution followed by hydrothermal or solvothermal deposition of the precursor on graphene in 

an autoclave. The process involves high temperature and high pressure, which induces the 

growth of nanocrystals and, at the same time, reduces GO to rGO. Graphene/metal oxide 

nanoparticle composites (e.g., ZnO [298], TiO2 [299], Fe3O4 [300], SnO2 [301], Co3O4 [302]) 

are the most common hybrids synthesized using the hydrothermal method. Also, 

graphene/metal nanoparticle composites have been synthesized (Figure (1.19)). 
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Figure 1.19: Hydrothermal method to synthesize graphene/AgNPs composites. (A) (1) GO is 

adsorbed on APTES-modified SiOx substrate. (2) GO is reduced, and rGO is obtained. (3) 

Growth of Ag particles by heating the rGO substrate in 0.1 M AgNO3 at 75°C for 30 min. (4) 

Growth of AgNPs by heating the GO substrate in 0.1 M AgNO3 at 75°C for 30 min. (B) 

Tapping mode AFM topographic image and height profile of a single layer of GO adsorbed 

on an APTES-modified SiOx substrate. (C) SEM image of Ag particles grown on an rGO 

surface [283]. 

 

Electrochemical deposition has been employed to directly deposit nanoparticles on graphene 

surfaces to form nanocomposites. This technique does not require a post-synthesis treatment 

including annealing and transferring and is very convenient to fabricate various graphene 

nanocomposites with metal, metal oxides, such as Pt, Au, Ag, Cu, TiO2, Fe2O3, Mn3O4 and 

SnO2 [283, 303-310]. This technique is illustrated in Figure 1.20 in the case of  Cu 

nanoparticles deposited on rGO. 

As an alternative technique, the microwave method has been used as a source of energy to 

assist the reduction process. Metal nanoparticles (e.g. Au, Ag, Cu, Ru, and Rh) and metal oxide 

nanoparticles (e.g. Co3O4 and MnO2) were decorated onto graphene and its derivatives in the 

presence or absence of reducing agents and stabilizing molecules, with the help of rapid 

microwave irradiation [311-314]. 
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Figure 1.20: Electrochemical deposition of Cu nanoparticles on rGO. (A) Electrochemical 

experiments. The rGO electrode, a Pt mesh, and an Ag/AgCl (3M NaCl) electrode were used 

as the working, counter, and reference electrodes, respectively. (B) SEM image of Cu 

electrodeposited on an rGO electrode in 50 mM CuSO4 solution at -0.6 V. (C) SEM image of 

Cu electrodeposited on an rGO electrode in 10 mM CuSO4 solution at -0.6 V [315]. 

 

However, compared with the abovementioned techniques, the microwave-assisted method 

allows less control over the size and distribution of nanoparticles on the GO and rGO surface. 

The main advantage of microwave irradiation is the uniform and rapid heating of the reaction 

mixture, thereby reducing the barrier to reduction, nucleation, and ion incorporation [316]. 

 

1.5.2. Ex-situ decoration of nanoparticles on graphene, GO and rGO 

 Ex-situ technique is probably much more simplistic than the in-situ one. In general, the 

nanoparticles are synthesized separately and then later attached to the surface of graphene, rGO 

or GO sheets via linking agents that can utilize either covalent or noncovalent interactions, 

including van der Waals interactions, hydrogen bonding, π−π stacking, or electrostatic 

interactions. There are a number of advantages when compared to in situ method like good 

control over the size, shape, and functionality of the particles. 

As we explained at the beginning of this chapter, GO and rGO have a large number of oxygen 

containing groups, which in turn can be used to link with other functional groups making 
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composites of graphene and inorganic nanoparticles through covalent interactions. A variety 

of nanoparticles have been attached to graphene using this method (Fe3O4 [317], CdSe [318], 

AuNPs [319]). 

The π−π stacking and noncovalent bonding interactions between nanoparticles and the 

graphene surface are the main driving forces to anchor nanoparticles onto the 2D materials. For 

example, CdSe quantum dots (QDs) were encapsulated with conductive polymer polyaniline, 

and were decorated onto the graphene surface by π−π interactions between the polymer shell 

and graphene conjugated system to achieve the QD@PANI–G hybrid [320]. 

For π−π stacking, generally, aromatic compounds are attached to the nanoparticle surface, 

which enables their attachment to graphene via π−π stacking. For example, derivatives of the 

pyrene molecule as well as pyrene-functionalized block copolymers have provided an effective 

way for the noncovalent functionalization of carbon nanomaterials including graphene [321]. 

Specifically, pyrene groups have the ability to interact strongly with the basal plane of graphene 

via π−π stacking. For example, 1-pyrenebutyric acid (PBA) is one of the simplest pyrene 

containing molecules that are attached to a carboxyl group. Resultantly, graphene sheets 

functionalized with PBA become negatively charged allowing the attachment of positively 

charged nanoparticles via electrostatic interactions [322]. The use of pyrene-containing 

molecules has been reported for various nanoparticles. Examples include PBA, which was used 

to form graphene/AuNPs hybrids [323], and pyrene-grafted poly(acrylic acid), which was used 

to form graphene/CdSe nanoparticle hybrids [324]. 

GO and rGO have an inherent negative charge as a result of the ionization of the oxygen 

functional groups on their surface. As such, they can be decorated with positively charged 

inorganic nanoparticles through electrostatic interactions. For instance, graphene−metal oxide 

nanoparticle composites (e.g., rGO−Fe3O4 NPs [325] and GO−MnO2 NPs [326]) have been 

formed by mixing positively charged metal oxide nanoparticles with negatively charged 

graphene nanosheets [325]. 

The GO and rGO surface was modified with “linker molecules” ending with thiol or amine 

groups or “adhesive polymers” to immobilize nanoparticles. Bovine serum albumin (BSA) was 

utilized for the fabrication of graphene−nanoparticle composites that could be composed of 

various types of nanoparticles (Au, Pt, Pd, Ag, and polystyrene beads) (Figure 1.21) [162]. In 

this study, the use of BSA not only effectively reduced GO to rGO, but also acted as a stabilizer 

to induce the attachment of nanoparticles onto the graphene surface. 
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Figure 1.21: Protein-induced reduction and decoration of GO for the assembly of multiple 

nanoparticles. (A) General scheme depicting the BSA protein-based decoration and reduction 

of GO, leading to a general nanoplatform for nanoparticle assembly. (B) TEM image of 

AuNPs decorated BSA−GO with well-controlled densities of AuNPs. (B and C) AuNPs 

densities were varied by increasing the concentrations of BSA from 0.5 mg/mL (B) to 20 

mg/mL (C) during the preparation of BSA−GO. NaCl was omitted for the samples in (B) and 

(C). (D) AuNP density was further increased (in comparison with (C)) by adding 0.1 M NaCl 

to the assembly system as in (C) [162]. 
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CHAPTER 2 

Reduced graphene oxide decorated with silver nanoparticles 

2.1 Introduction 

There are many methods to synthesize graphene and the most common method adapted for 

large-scale production of graphene oxide (GO) and reduced graphene oxide (rGO) is based on 

“top-down” approaches using physical and chemical exfoliation of graphite, pioneered by 

Hummers et al. using strong acids and oxidants [1, 2]. In the reduction of GO using chemical 

methods, one of the most commonly used reducing agent is hydrazine monohydrate [3]. Due 

to the toxicity and explosive properties of some of the chemical reductants explored earlier, 

many environmentally friendly and highly-efficient reductants have been developed and used 

for the reduction of GO [4] , including vitamin C [5], amino acid [6], reducing sugar [7], tea 

[8] and so on. 

In this thesis, we have used an easy and environmentally friendly L-Arginine 

(Arg) (C6H14N4O2) as an efficient chemical agent for GO reduction. L-Arginine is an amino 

acid that is obtained from the diet and plays a role in protein synthesis as a substrate for the 

urea cycle and nitric oxide production and as a secretagogue for growth hormone, prolactin, 

and insulin [9]. The L-Arginine chain consists of a 3-carbon aliphatic straight chain, the distal 

end of which is capped by a complex guanidinium group (Figure 2.1). The guanidinium group 

is positively charged in neutral, acidic, and even most basic environments, and thus 

imparts basic chemical properties to arginine. Because of the conjugation between the double 

bond and the nitrogen lone pairs, the positive charge is delocalized, enabling the formation of 

multiple bonds [10]. 

 

 

 

 

 

 

Figure 2.1: Side chain of Arginine. 

https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Guanidine
https://en.wikipedia.org/wiki/Basic_(chemistry)
https://en.wikipedia.org/wiki/Conjugated_system
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L-Arginine has been used successfully for the green synthesis of some metal and metal oxide 

nanoparticles because it plays the role of reducing agent but also it acts as a capping agent [11-

15]. Recently, L-Arginine has been used as an agent for the reduction of GO and its decoration 

with metal/metal oxide [16-20] . 

In this chapter, we will describe some reports on graphene decorated with silver nanoparticles. 

We will also discuss the use of L-Arginine as an agent to reduce GO into rGO and its decoration 

with silver nanoparticles (AgNPs). The developed AgNPs/rGO has been successfully applied 

as efficient catalyst for the reduction of 4-nitrophenol to 4-aminophenol. 

 

2.2 Graphene decorated with silver nanoparticles 

Silver nanoparticles were chosen because they are cheaper as compared to other noble metal 

catalysts such as Au, Pt, and Pd [21-24]. Ag NPs can be immobilized on various 

organic/inorganic support materials [25, 26]; this confirms to be an effective strategy in 

protecting these metal NPs against agglomeration because of strong van der Waals force 

between Ag NPs [27]. This results in an increase of available electrochemical activity and 

detection sensitivity. Recently, Ag NPs-decorated graphene has received considerable attention 

[28] due to the enhancement of unusual properties of Ag NPs by graphene, such as surface 

enhanced Raman spectroscopy (SERS) effect [29, 30], antibacterial activity [31, 32], catalytic 

activity [33, 34], gas interaction [35, 36], and photocurrent generation [37].  

Until now, a large number of methods for the synthesis of Ag NPs/rGO have been developed. 

On the other hand, there are reports of separate synthesis of metal nanoparticles followed by 

subsequent deposition on GO.  

Herein, we review the literature on the thermal, photo-reduction, chemical reduction and 

electrochemical techniques used to deposit Ag NPs on rGO. 

The thermal method (thermal decomposition, sometimes called pyrolysis) of metal salts has 

been used extensively for the preparation of metal-containing nanoparticles and nanorods. To 

obtain particles in nanometer size, salt decomposition was often performed at a slow heating 

rate and/or in a solvent. Researchers usually manually mixed metal salts of silver acetate with 

SWNTs (single-walled nanotubes), MWNTs (multi-walled nanotubes), expanded graphite and 

carbon black as the carbon source as shown in Table 2.1. 
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Table 2.1: Thermal method for the deposition of silver nanoparticles on graphene sheets 

Composite Conditions Size 

of Ag 

NPs 

Application Ref. 

Thermal Method 

CH3COOAg/MWCNT 

 

300 or 350°C for 1 h and 

held isothermally for 3 h.  

39 

nm / 

47 

nm 

SERS  [38] 

G/Ag NPs Deposited on the graphene 

at a rate of 0.5 Å/min by 

thermal evaporator 

4 nm SERS [39] 

G/Ag NPs 60−90°C for 10−20 min. 

By citrate reduction method 

--- Effect  of deposited 

Ag on graphene 

(interlayer doped 

graphene film is 

better than that of 

surface doped 

graphene sheets) 

[40] 

 

Photochemical-assisted for metal decoration of carbon substrates have been reported by several 

research groups over the years [41-46], as shown in Table 2.2. 

 

 Table 2.2: Photochemical method to deposit silver nanoparticles on graphene sheets 

Composite Conditions Size of Ag 

NPs 

Application Ref. 

Photochemical method  

GO/Ag NPs Illuminated by rows of LEDs, 

excitation  wavelength of 465 

nm for 240 min. 

5 -70 nm Study of SERS , 

fluorescence of  

rhodamine 6G 

[41] 

G/ZnO@Ag 

NPs 

ZnO nanorods as 

photocatalytic, UV irradiation. 

12 -34 nm Electrocatalysis [42] 

Mg-

ZnO/rGO-

Ag NPs 

Irradiate under the UV lamp 15-20 nm Degradation of 

methylene blue (MB) 

[43] 

 

In the electrochemical method, several types of nanoparticles are electrodeposited on graphene.  

This method is easy, fast, one-step, cost-effective and environmentally-friendly for the 

synthesis of Ag NPs decorated graphene nanosheets as shown in Table 2.3. 
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Table 2.3: Electrochemical method to deposit silver nanoparticles on graphene sheets 

Composite Conditions Size of Ag 

NPs 

Application Ref. 

Electrochemical method 

rGO/ Ag NPs 

on ITO 

Silver-ammonia 

[Ag(NH3)2OH], GO 

20-48 nm Enzyme-less hydrogen 

peroxide detection 

[47] 

rGO/Ag 

nanodendrites 

AgNO3, GO ----- Photoelectrical conversion, 

H2O2 detection 

[48] 

rGO/MnO2/Ag KMnO4, AgNO3 ,GO ----- Oxygen reduction reaction 

(ORR) in alkaline fuel cells 

[49] 

 

Chemical reduction method of nanoparticles is an attractive wet chemistry method which can 

be utilized for one-pot synthesis of metal nanoparticles and subsequent decoration of substrates. 

This technique has been applied for simultaneous reduction of GO into rGO and silver 

nanoparticles deposition on the graphene sheets [30, 50-52], as shown in Table 2.4. 

Table 2.4: Chemical reduction method to deposit AgNPs on graphene sheets 

Composite Conditions Size of Ag 

NPs 

Application Ref. 

Chemical reduction 

Ag/GO 1. Sodium borohydride as 

reducing agent; Cetrimonium 

bromide as transfer agent; 

Silver nitrate as source of Ag. 

10 nm Reduction of 4-

nitrophenol to 4-

aminophenol  

[34] 

G/Ag NPs Dimethylacetamide 

(DMAc/H2O) as reducing 

agent. Silver nitrate as source 

of Ag. 150°C for 10 h. 

16–20 nm Understanding the 

growth of Ag NPs on 

graphene 

[51] 

AgNPs/rGO (3-aminopropyl)-

triethoxysilane (APS). Silver 

nitrate as source of Ag at 

100°C for 12 h. 

10–30 nm Trace detection of 

organic dyes. 

[30] 

 

On the other hand, to avoid using harmful or toxic agents many researchers investigated 

environmentally friendly agents [32, 37, 53, 54], see Table 2.5. 
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Table 2.5: Environmentally-friendly agents to deposit silver nanoparticles on graphene sheets 

Composite Conditions Size of Ag 

NPs 

Application Ref. 

Environmentally-friendly  agents 

AgNPs/rGO Gallic acid  as reducing agent, 

AgNO3, 190°C for 5h 

average 

size 12.29 

nm 

Nonenzymatic sensor of 

H2O2 

[53] 

GO–Ag AgNO3, sodium citrate as a 

stabilizing/reducing agent 

average 

size  7.5 

nm 

Antibacterial activity 

against Gram-negative 

bacteria. 

[32] 

AgNPs/N-G Urea as the N-dopant, vitamin 

C as the reducing agent, 

AgNO3, 60°C for 24h. 

average  

size of 12 

nm 

Electrochemical sensor 

for H2O2 detection 

[54] 

Ag NPs/ 

rGO 

AgNO3, sodium hydroxide at 

80°C for 10 min 

15 - 30 nm Photocurrent  

generation in the visible 

spectral region 

[37] 

 

In our work we have used an environmentally friendly reagent, L-Arginine (Arg), to reduce 

graphene oxide and its subsequent decoration with silver nanoparticles. 

 

2.3 Reduction of graphene oxide by L-Arginine  

Because most of the methods to reduce GO use toxic agents or expensive materials, we have 

developed a method which uses L-Arginine (Arg), an environmentally friendly agent, which 

has the following advantages: (1) non-toxic, (2) water soluble, (3) scalable in production, (4) 

stable, (5) the reaction condition is easily attainable, (6) cost effective. 

 

This chemical method is described in Figure (2.2). The  reaction of an aqueous solution of  

 

 

 

Figure 2.2: Schematic illustration of the reduction of GO using L-Arginine. 

 

A mixture of GO (0.5 mg/mL) and L-Arginine (10 mM) heated at 100°C for 4 h  produces a 

black precipitate that can be easily separated from the supernatant via centrifugation. After 
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washing with Milli-Q water, the rGO/Arg is obtained. The success of the reaction is confirmed 

by UV-Vis absorption spectra (Figure 2.3). 

  

 

 

 

 

 

 

 

 

Figure 2.3: UV-Vis absorption spectra of GO before (green) and after (blue) reduction with 

L-Arginine at 100°C for 4 h and (red) L- Arginine. 

 

The UV–Vis spectra clearly show that the absorption peak red-shifts from 230 to 265 nm upon 

reaction with L-arginine at 100°C for 4 h; the 230 nm absorption band is due to the π→π* 

transition of C=C bonds in sp2 region. For comparison, we have recorded the UV-vis spectrum 

of free arginine. As seen in Figure 2.3 (red curve), arginine exhibits a weak absorption peak at 

223 nm [55]. In addition, the intensity of the absorption of product has significantly increased. 

The result suggests that the GO nanosheets have been reduced and the electronic conjugation 

within the GO nanosheets restored upon reaction with L-Arginine (Figure 2.3). 

X-ray photoelectron spectroscopy (XPS) analysis offers further information on the chemical 

transformations between GO and arginine. Figure 2.4A depicts the major element peaks 

namely C1s, O1s and N1s, respectively. The weight percentage of each element was analyzed by 

CasaXPS software, as shown in Table 2.6. 
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Table 2.6: The atomic concentration of each element in GO and rGO/Arg 

 

Material At.% Ratio C/O 

GO C1s=71.31 

O1s=28.69 

2.4 

rGO C1s=74.22 

O1s=12.85 

N1s=12.93 

5.85 

 

The weight percentage of C1s increases and O1s decreases after reaction with arginine for 4 h 

at 100°C. Also a new peak which corresponds to nitrogen (N1s) appears in rGO/Arg (Figure 

2.4B), indicating the incorporation of arginine (or its oxidized components) on the rGO sheets.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: XPS survey spectra of GO and rGO/Arg (A), (B) corresponds to N1s core level 

spectrum of rGO/Arg, and (C) C1s of GO and rGO/Arg. 

The C1s core level XPS spectrum of GO nanosheets is displayed in Figure 2.4C. It can be 

deconvoluted into three components with binding energies at about 284.9, 287 and 288.8 eV 

(A (B

(C
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assigned to C-C, C-O and C=O species, respectively. The C/O ratio of GO is 2.4 comparable 

to reported data in the literature [56]. After reaction of GO with arginine, analysis of the 

resulting composite indicates significant changes in the C1s core level spectrum of rGO/Arg.  

C1s exhibits bands at 284 eV (sp2-hybridized carbon), 285.3 eV (C-C/C-H), and 287.6 eV 

(C=O/C-N) [30, 37, 51]. The intensity of the band at 284 eV increases and shifts significantly 

compared to GO, suggesting that the sp2
 network has been restored during the process. The 

ratio of carbon to oxygen (C/O) increased from 2.4 in GO to 5.85 for rGO/Arg (Table 2.6). 

Indeed, GO is a good electron acceptor that can be easily reduced in the presence of electron 

donors. Arginine seems to act as a good reducing agent for GO. This might be due to the L-

arginine or its derivatives capped on the surface of rGO/Arg as further confirmed by the 

presence of nitrogen (N1s) in the XPS spectrum at 400 eV belong to C-N (Figure 2.4B). 

Figure 2.5 depicts the Raman spectra of GO and rGO/Arg. They present the main features of 

graphene-based materials with a D-band at 1350 cm-1 assigned to the breathing mode of κ-

point phonons [41], a G band at 1600 cm-1
 attributed to the tangential stretching mode of the 

E2g phonon of sp2 atoms and a 2D-band at ≈2930 cm-1. The G band is related to the graphitic 

hexagon-pinch mode, while the D band corresponds to defects in GO.  

 

 

 

 

 

 

 

 

 

Figure 2.5: Raman spectra of GO (black) and rGO/Arg (red). The spectra were recorded at a 

wavelength of 532 nm. 

The ratio of the intensities of the D and G bands (ID/IG) is found to be 0.72 for GO and 0.98 for 

rGO/Arg, comparable to the literature [37]. This ratio obviously increases in comparison with 

that of the original GO under the same conditions, indicating the reduction of GO [53, 57]. 
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FTIR analysis was performed in order to identify the functional groups present in the GO. 

Transmission FTIR spectra of exfoliated GO and rGO/Arg are depicted in Figure 2.6. The 

spectrum of GO shows both water and O-H stretching vibrations at 3400 cm-1, the presence of 

C=O in carboxylic acid and carbonyl moieties (1732 cm-1), C=C bonds (1623 cm-1), C-OH of 

carboxyl groups (1415 cm-1), C-O-C bonds (1223 cm-1) and C-O of epoxy or alkoxy groups 

(1051 cm-1). After reaction of GO with arginine, the intensity of the OH, C-OH, C-O-C and C-

O bands strongly decrease and C=O band disappears. The band of C=C at 1623 cm-1 shifts to 

1561 cm-1, which again confirms that GO was reduced . 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Transmission FTIR spectra of GO and rGO/Arg. 

 

 

The morphology and microstructure of GO and rGO/Arg were examined by SEM and TEM. 

The SEM images in Figure 2.7 exhibit the sheet layer of GO before and after reduction with 

arginine. Both SEM images look quite similar in the sense that only the GO sheets are visible. 

In fact this is not surprising since the presence of oxygen groups cannot be detected by SEM. 
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Figure 2.7: SEM images of GO and rGO/Arg. 

 

 

All the characterizations confirm that GO was successfully reduced using a mild reducing 

agent, arginine. 

 

2.4 Reduced graphene oxide decorated with silver nanoparticles (rGO-

AgNPs)  

As shown on the previous section, we have successfully reduced GO using L-arginine under 

mild conditions. Our next target was to exploit this mild technique to prepare reduced graphene 

oxide decorated silver nanoparticles (rGO- Ag NPs). The rGO/Arg-Ag NPs was synthesized 

as follows: silver nitrate (AgNO3) as a source of Ag NPs at four different concentrations (0.04, 

0.004, 0.0004 and 0.00004 M), was mixed with rGO/Arg aqueous solution and kept under 

stirring for 10 min at 100°C. The resulting black precipitate was separated from the aqueous 

supernatant by centrifugation. After washing with Milli-Q water, the precipitate was dispersed 

in Milli-Q water or in DMF. This method is schematically illustrated in Figure 2.8B. 

The UV-Vis absorption spectra of rGO/Arg-Ag NPs nanocomposites are displayed in Figure 

2.9; two characteristic peaks can be observed at 420 nm due to Ag NPs[30], and at 265 nm 

which belong to reduced graphene oxide (rGO). This indicates that the Ag nanoparticles are 

successfully deposited on rGO nanosheets when the concentration of silver nitrate in the 

aqueous solution is higher than 0.004 M. This is comparable to data reported in the literature 

[30, 48]. 

 

GO rGO/Arg 



86 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Schematic illustration of the reduction of GO using L-Arginine (A) and 

subsequent decoration of rGO/Arg with silver nanoparticles (rGO/Arg-Ag NPs) (B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: UV-Vis absorption spectra of rGO/Arg-Ag NPs at different Ag NO3 

concentrations. 

GO 

, 10 min. at 100°C30.04 M AgNO 

(A) 

(B) 

Ag NPs 
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XPS was also used to further characterize the rGO/Arg-Ag; for comparison the data of GO and 

rGO/Arg are also included. The survey XPS spectrum of rGO/Ag NPs in Figure 2.10A shows 

the major elements peaks present in the sample, namely C1s, O1s, N1s and Ag3d. The C1s of 

rGO/Ag NPs clearly indicates the presence of three main types of carbon bonds: 284 eV (sp2-

hybridized carbon), 285.3 eV (C-C/C-H), and 287.6 eV (C=O/C-N) which are consistent with 

the earlier reports on rGO/Arg (Figure 2.10B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: (A) XPS survey spectra of GO, rGO/Arg and rGO/Ag NPs, (B) high resolution 

spectra of C1s of GO, rGO/Arg and rGO/Ag NPs, (C) corresponds to N1s core level spectrum 

of rGO/Arg composite and (D) corresponds to Ag3d core level spectrum of rGO/Ag NPs 

composite. 

 

The XPS spectrum of Ag3d in Figure 2.10D exhibits two major peaks with binding energies at 

369 and 375 eV, corresponding to Ag3d5/2 and Ag3d3/2, respectively, with a spin energy 

separation of 6 eV, suggesting the formation of metallic silver [30, 33, 53]. 

(A) (C) 

(D) (B) 
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The atomic percentage of each element in different materials is reported in Table 2.7. As 

expected both rGO/Arg and rGO/Ag NPs display comparable chemical composition with 

additional silver for rGO/Ag NPs. This is not surprising since rGO/Ag NPs was prepared from 

rGO/Arg. The ratio of carbon to oxygen (C/O) increases from 2.4 for GO to 5.85 and 5.30 for 

rGO/Arg and rGO/Arg-Ag, respectively. 

Table 2.7: Atomic percentage of each element in GO, rGO/Arg and rGO/Ag NPs. 

 

Material %At Ratio C/O 

GO C1s=71.31 

O1s=28.69 

2.4 

rGO/Arg C1s=74.22 

O1s=12.85 

N1s=12.93 

5.85 

rGO-Ag NPs C1s=74.58 

O1s=14.05 

N1s=11.22 

Ag3d=0.15 

5.30 

 

The Raman spectra of rGO/Arg before and after the deposition of Ag NPs on its surface are 

seen in Figure 2.11: three characteristic bands are observed in both Raman spectra, namely the 

D, G and 2D bands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Raman spectra of GO (red), rGO/Arg (black) and rGO/Ag NPs (blue). The 

spectra were recorded at a wavelength of 532 nm. 
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The (ID/IG) ratios for GO, rGO/Arg and rGO/Ag NPs are 0.72, 0.98, and 1.07, respectively. 

This suggests that the conjugated graphene network (sp2 carbon) has been re-established after 

the chemical reduction of GO [33]. Thus, silver ions and GO were reduced simultaneously by 

L-Arginine. Also, the (ID/IG) ratio of rGO/Ag NPs is slightly larger than that of rGO/Arg. This 

might be due to the increase of the number of defects in rGO after the deposition of Ag NPs on 

rGO/Arg. In addition, it has to be noticed that the intensities of these three bands are enhanced 

about eight times after the decoration of Ag NPs on the surface of rGO/Arg. This is due to the 

Ag NPs deposited on rGO/Arg which enhance the Raman signal via the Surface-Enhanced 

Raman Spectroscopy (SERS) effect [17, 30]. 

The FTIR spectrum of rGO/Ag NPs is similar to that of rGO/Arg, with a weaker intensity and 

a small shift toward low wavenumbers, which is due to the presence of large amounts of Ag 

NPs [58]. The intensity of the OH, C-OH and C-O bands strongly decrease and the C=O bond 

disappears. This means that many oxygen groups were removed during the transformation of 

GO to rGO (Figure 2.12). The C=C band at 1623 cm-1 in GO is shifted to 1571 cm-1. No peak 

characteristic of an Ag compound can be detected, may be because FTIR is not sensitive 

enough to detect it. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: FTIR spectra of GO, rGO/Arg and rGO/Ag NPs. 
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In the SEM images of rGO/Ag NPs, the uniform distribution of Ag NPs on the rGO/Arg sheets 

is clearly seen, as well as the different sizes of these particles that depend on the concentration 

of silver nitrate used in the reaction. The Ag NPs appear as white spots on the rGO/Arg black 

sheet (Figure 2.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: SEM images of rGO/Ag NPs after reaction of rGO/Arg with silver nitrate for 10 

min at 100°C. 

 

TEM analysis was performed to determine the morphology of stacked graphitic sheets and the 

size distribution of Ag NPs. Figure 2.14 exhibits a representative TEM image of rGO/Ag NPs 

sheet. TEM images of rGO/AgNPs illustrate that Ag NPs have different sizes when the 

concentration changes. For a concentration of 0.004 M, it can be observed that the rGO/Arg 

sheet have three different distributions of Ag NPs (20-40 nm, 11-17 nm, 4.5- 8 nm) as in Figure 

2.14A. The lattice spacing, equal to 0.23 nm, corresponds to (111) planes of Ag NPs as in 

Figure 2.14B. The two first rings of the selected area diffraction pattern (SAED) obtained on 

Ag NPs correspond to the (111) and (200) planes of silver (Figure 2.13C) [59, 60]. 

When the concentration increases to 0.04 M, the distribution of Ag NPs becomes a little more 

uniform and the Ag NPs become larger. This means that the increase of silver nitrate 

concentration causes the increase of the size of Ag NPs on the rGO/Arg sheet. 

 

 

 

 

rGO-Ag NPs rGO-Ag NPs 
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Figure 2.14: TEM images for rGO/Ag NPs using AgNO3 concentration of 0.004 M (A), (B) 

one Ag NP with lattice space area and (C) selected area diffraction pattern recorded on the 

Ag NPs. 

 

 

For AgNO3 concentration of 0.04 M two different distributions of Ag NPs (85-400 nm, 11-25 

nm) were observed (Figure 2.15A). The lattice spacing of 0.23 nm corresponds to the (111) 

planes of Ag NPs (Figure 2.15 B).  

All these characterizations of rGO/Ag NPs provided that the Ag NPs were uniformly 

distributed the surface of rGO/Arg with different sizes. Almost no aggregation of Ag NPs was 

observed. 

A B 

C C 
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Figure 2.15: TEM images of rGO/Ag NPs at AgNO3 concentration of 0.04 M (A), (B) one 

Ag NP with lattice space area. 

 

2.5 Reduction of 4-nitrophenol to 4-aminophenol using graphene-based 

nanometals  

2.5.1 Introduction 

4-Nitrophenol (4-NP) is considered to be one of the most prevalent organic pollutants in 

wastewaters generated from agricultural and industrial sources [61]. 4-NP is also a common 

precursor of 4-aminophenol (4-AP), which is a potent intermediate for the manufacture of 

many analgesic/antipyretic drugs, such as paracetamol, phenacetin and can be used as the 

photographic developer, corrosion inhibitor, anti-corrosion lubricant, and hair-dyeing agent 

[62]. 

4-NP removal  by many processes have been developed, including adsorption [63], microbial 

degradation [64], photocatalytic degradation [65], electro-Fenton method [66], 

electrocoagulation [67], electrochemical treatment [68] and so on.  

In this work, we will focus on the catalytic reduction of 4-NP to 4-AP with an excess amount 

of NaBH4. The catalytic reduction of 4-NP to 4-AP with an excess amount of NaBH4 has been 

extensively used as a benchmark system to evaluate the catalytic activity of metal NPs or 

graphene-metal NPs composites [69, 70]. Graphene-metal NPs composites can effectively 

catalyse the reduction of nitro compounds by acting as an electronic relay system, wherein the 

0.23 nm 

(111) 
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electron transfer takes place from donor BH4
− (donor) to 4-NP (acceptor) through the 

nanocatalysts [71, 72].  

This reaction was first reported by Pal et al. in 2002 who used Ag NPs as the catalyst [73]. 

Nitro compounds like 2-nitrophenol (2-NP), 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) 

were tested with NaBH4 using Ag NPs; they observed that the rate of reduction was following 

the sequence 4-NP>2-NP>4-NA. It has been suggested that a strong interaction between the 

catalyst surface and the substrate is essential for an effective catalytic process. But in turn, this 

type of interaction may cause poisoning of the catalyst surface if it is vulnerable to oxidation.  

As we know, graphene has the highest surface area. If it is decorated with nanoparticles, it will 

have the highest reaction surface area, thus making reduction of 4-NP to 4-AP fast and 

effective. On the other hand, graphene facilitates the reaction because it has a high affinity for 

the adsorption of 4-NP via π-π stacking interactions [74]. This increases the concentration of 

4-NP near the catalyst which speeds up the reaction because the electron transfer from the 

graphene to metals nanoparticles increases the local electron concentration, facilitating the 

uptake of electrons by 4-NP molecules [71]. The results which use the composites of different 

nanoparticles-graphene, GO or rGO as a catalyst are displayed in Table 2.8. 
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Table 2.8: Types and conditions for the catalytic transformation of p-nitrophenol to p-

aminophenol. 

Catalyst Catalyst 

loading  

Time of 

conversion  

NaBH4  

Conc. 

4-nitrophenol 

Conc. 

Ref. 

rGO-Au NPs  0.03 mg.ml-1 2 min 0.09 M 0.09 mM [75] 

Au NPs-bohemite film Film  

 

32 min 10 mM 1 mM [76] 

Au/Ls/PPyNTs hybrid 

(PPyNTs): polypyrrole 

nanotubes 

0.1 mM 14 min 13 mM 0.17 mM [77] 

PANI-Au NPs  

PANI: polyaniline 

Composite 

membrane  

110 min 0.1 M 0.1 mM [78] 

Pd NPs-rGO-CNT  5 mg. ml-1 20 s 0.3 M 0.1 mM [79] 

Fe3O4/Gr/ M (M=Pt, 

Pd, PtPd) 

2 mg. ml-1 Pd/40 s 

Pt/2 min 

PdPt/60 s 

2.4 M 7.4 mM [80] 

Au-Ag/GO 6.99 mg.ml-1 60 sec 0.88 M 1.5 mM [81] 

Pt/Ni-Gr 0.1  mg.ml-1 2.5 min 0.1 mM 

 

0.1 mM 

 

[82] 

Au/PMMA 

PMMA [Poly(methyl 

methacrylate)]. 

0.43 mg.ml-1 10 min 0.65 M 0 .09 mM [83] 

Ag/CA 

 Au/CA 

CA(Alginate) 

1.2 g.L-1 8 min 

45min 

0 .1 M 0.1 mM [62] 
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As shown in Table 2.8 there are many catalytic nanocomposites using different metals, these 

metals being anchored on different surfaces like [PMMA (poly(methyl methacrylate)), 

carboxylated cellulose, poly(ethylenimine) (BPEI), polypyrrole nanotubes (PPyNTs), 

polyaniline (PANI), CNT and graphene]. Graphene having become one of the most widely 

Catalyst Catalyst 

loading  

Time of 

conversion  

NaBH4  

Conc. 

4-nitrophenol 

Conc. 

Ref. 

Au/graphene hydrogel 

1.08 cm in diameter 

and 1.28 cm in height 

9.2 wt% 720 s 0.1 M 0.1 mM [74] 

Ag@Co/rGO 5  mg.ml-1 45 s 0.35 M 1.2 mM [69] 

Ni-Ag@rGO 6.6  mg.ml-1 45 s 0.88 M 1.54 mM [84] 

rGO/Pt/CeO2 6.2 mg.ml-1 14  min 2.5 M 5 mM [85] 

SiO2@rGO@Ag NPs 0.5  µg.ml-1 9 min 10 mM 0.1 mM [86] 

rGO/Ag/CeO2 0.1  mg.ml-1 10 min 1.5 M 10 mM [70] 

GO/Ag-Fe3O4 0.1 mg.ml-1 140 s 0.1 M 10 mM [58] 

Ag-Fe3O4/rGO 1.2 g.L-1 200 s 0.15 M 0.1 mM [87] 

ICC@Au0.2 

ICC (iron 

oxide@carboxylated 

cellulose) 

3.10-7 M 10 min 0.128 M 0.1 mM [88] 

Au0.3Pt0.7@BGNs/Fe3

O4 

(BGNs/Fe3O4) poly-

(ethylenimine) (BPEI) 

functionalized 

graphene/iron oxide 

0.8 mg.ml-1 21 s 3 M 10 mM [89] 
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used support materials, we will detail some literature reports which can be taken as examples 

and then compared with our material.   

Li et al. [80] developed a method to selectively deposit noble metal (Pt, Pd, or PtPd) 

nanoparticles 3–5 nm in size on magnetite/graphene composites. They used L-lysine, which 

was chosen as a bridge to link the metal NPs and magnetite/graphene, and then deposited M 

(M=Pt, Pd, or PtPd NPs) on the surface of Fe3O4/graphene. After having successfully prepared 

the nanocomposite, they used it for the reduction of 4-nitrophenol (4-NP) by NaBH4. With only 

the Fe3O4/graphene as a catalyst, the reduction did not proceed even with a large excess of 

NaBH4. On the opposite, the Fe3O4/graphene/M composites showed high catalytic activities, 

and even with a trace amount of the catalysts the reduction quickly went to completion. For 

instance, when Fe3O4/graphene/M (2 mg.mL-1) catalyst was added, the reaction could be 

completed in 40 s, 2 min and 1 min for Pd, Pt and PdPt, respectively. The bright yellow solution 

faded to completely colourless, and no characteristic absorption of 4-NP could be detected at 

400 nm [80]. 

Adhikari and co-workers [75], have used amino acid (2,4-dihydroxy phenyl alanine, Dopa) to 

reduce simultaneously GO to rGO and noble metal salts (AuCl3/AgNO3) to produce the 

corresponding  rGO/metal NPs nanohybrid systems. A freshly prepared aqueous solution of 

NaBH4 (0.3 mL, 0.1 M) added to the 3 mL aqueous solution of p-nitrophenol (0.1 mM) at room 

temperature changed the colour from light yellow to yellowish green. Then 0.1 mg of rGO/Au 

NPs composite was added into the mixture with stirring. These catalytic reductions were 

monitored by UV-Vis absorption spectroscopy (Figure 2.16). A decrease in the UV-Vis 

absorption peak at 400 nm was observed with the concomitant appearance of a new peak at 

298 nm, because of the formation of p-aminophenol. Adhikari and co-workers noted that in 

absence of rGO-Au NPs catalyst, no change in UV-vis absorption spectrum is observed and 

also graphene alone does not show any catalytic property [75]. 

Wu et al. [81] fabricated Au–Ag nanoparticle/graphene oxide nanocomposites (Au–Ag/GO) 

by using simultaneous redox reactions between AgNO3, HAuCl4 and GO. For the reaction 

conditions, 2.5 ml aliquot of 1.54×10-3 M 4-NP solution and 0.5 ml of 0.88 M NaBH4 solution 

were mixed in a 3 ml standard quartz cuvette and then a UV–vis spectroscopy was used to 

monitor the absorption maximum of 4-NP at 400 nm. 
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Figure 2.16: UV-Vis spectroscopy to monitor the reduction of (i) p-nitrophenol to p-

aminophenol catalyzed by rGO/Au NPs [75]. 

 

When Au–Ag/GO was added to the mixture, the reaction was complete in less than 60 s. These 

results indicate that the Au–Ag/GO catalyst is highly active and has excellent recyclability. 

The interfacial regions between the nanoparticles and the GO may contribute to the origin of 

the catalytic activity of Au–Ag/GO [81]. 

Mahesh and co-workers [87] have grown Ag and Fe3O4 NPs on the surface of reduced graphene 

oxide (rGO) sheets using one-pot hydrothermal process. The catalytic activity of the as-

prepared Ag-Fe3O4/rGO (1.2 g.L-1) was demonstrated through the reduction of 4-NP (0.1 mM) 

in presence of NaBH4 (1.5 M) as a reductant. An aqueous solution of 4-NP displays maximum 

absorbance at 317 nm. After immediate addition of freshly prepared NaBH4, the maximum 

absorption peak shifted from 317 to 400 nm which corresponds to a colour change of light 

yellow to yellow green. However, addition of a small quantity of as-prepared nanocomposite 

causes the fading and ultimate bleaching of the yellow colour of the reaction mixture, with the 

appearance of a new peak at 302 nm, confirming that the reduction was mainly catalyzed by 

Ag-Fe3O4/rGO (Figure 2.17) [87]. The authors reported that the time of reaction generally 

decreases linearly with increased amount of catalyst. The recyclability of Ag-Fe3O4/RGO 

catalyst was evaluated and reveals that the catalytic reduction efficiency of as-synthesized 
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composite is almost the same even after 7th successive reaction. They showed that magnetically 

recoverable Ag-Fe3O4/rGO catalyst was not deactivated or poisoned during catalytic and 

separation process [87]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: UV–visible spectra of 4-NP (a), nitrophenolate ion (b) and 4-AP (c) [87]. 

 

Zhang et al. [84] used hydrazine hydrate as a reducing agent to reduce simultaneously graphene 

oxide, Ni2+ and Ag+ to form Ni-Ag@rGO hybrid. The prepared material exhibited good 

magnetic properties, which were determined by vibrating sample magnetometer. In addition, 

the Ni-Ag@rGO hybrid displayed excellent catalytic activity for the reduction of 4-NP. In a 

general procedure, 4-NP solution (2.5 mL, 1.54 × 10-3 mol.L-1) was mixed with 0.5 mL of 

freshly prepared aqueous NaBH4 solution (0.88 mol.L-1) to form a deep yellow solution. Then, 

20 mg of catalyst was added to the solution. The peak intensity of 4-NP at about 400 nm rapidly 

decreased and the peak disappeared in 45 s. The reaction of 4-NP with Ni@rGO, Ag@rGO, 

Ni–Ag bimetallic, Ni monometallic, Ag monometallic and rGO were also investigated under 

the same conditions and the reaction times were 6, 1.5, 10, 15, 12 and 240 min, respectively. 

Since the Ni-Ag@RGO hybrid is magnetic, it is easy to recycle. The hybrid can be separated 

from the reaction solution under a magnet field. The reaction time slowly increased for the first 

five cycles, and then it increased greatly to 1.5 min for the tenth cycle (Figure 2.18) [84]. 
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Figure 2.18: Digital photographs of the reaction solution process  (a), recyclability of the Ni-

Ag@rGO hybrid for the reduction of 4-NP by NaBH4 (b), and UV-vis spectra for the 

reduction of 4-NP by NaBH4 with Ni-Ag@rGO (c) [84]. 

 

2.5.2 Catalytic reduction of 4-nitrophenol by rGO/Ag NPs composite 

We have investigated the catalytic ability of our rGO/Ag NPs nanocomposite at room 

temperature for the reduction of 4-NP with NaBH4 as a model. Typically, after having prepared 

0.1 mM 4-NP solution and 0.1 M NaBH4, a mixture of 3 ml of 4-NP with 0.5 ml NaBH4 was 

prepared. The color changed from light yellow to yellow-green because 4-NP was converted 

to nitrophenolate anion by NaBH4. Upon addition of 100 µl of our catalyst rGO/Ag NPs (0.5 

mg.ml-1) to the mixture, the yellow-green color disappeared; this means that the 4-NP was 

reduced to 4-AM. We have performed experiments with different rGO/Ag NPs synthesized 

using different Ag concentrations (0.04, 0.004, 0.0004 and 0.00004 M). The course of the 

reaction was monitored by UV-Vis spectroscopy.  

We have also conducted recycling catalysis experiments in order to study the catalytic stability 

and activity. Similar to the above reduction process, a given amount of the as-prepared rGO/Ag 

NPs (0.5 mg.ml-1) was used to catalyze the reduction of 0.1 mM of 4-NP mixture with 0.1 M 

NaBH4. When the reaction was completed, the catalyst was separated by centrifugation at 4000 

rpm for 5 min, and the supernatant was analyzed using UV-vis spectroscopy. The same 

(C) 
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procedures were repeated at least ten times in order to explore the reusability and activity of 

the nanocatalyst. 

The catalytic performance of the rGO/Ag NPs was monitored by UV-Vis spectroscopy (Figure 

2.19).  

 

 

 

 

 

 

 

 

 

Figure 2.19: UV–visible spectra of 4-NP (a), nitrophenolate ion (b) and 4-AP (c) after 

addition of 100 µl of rGO/Ag NPs (0.5 mg.ml-1); the concentration of AgNO3 used for the 

preparation of the composite is 0.04 M. 

 

The original absorption peak of 4-NP at 317 nm shifts to 400 nm immediately upon the addition 

of freshly prepared NaBH4 solution, corresponding to a colour change from light yellow to 

yellow-green due to the formation of p-nitrophenolate ions (Figure 2.20) [70, 89, 90].  

 

 

 

 

 

 

Figure 2.20: Photographs of 4-NP reduction process. 
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In absence of rGO/Ag NPs catalyst, the peak due to 4-nitrophenolate ion at 400 nm remains 

unaltered even after a couple of days, as reported in the literature [87]. Addition of the 

nanocatalyst in small quantity (100 µl, rGO/Ag NPs (0.5 mg.ml-1)) causes the fading and 

ultimate bleaching of the yellow colour of the reaction mixture, with the appearance of a new 

peak at 300 nm which confirms that the reduction was mainly catalyzed by rGO/Ag NPs. 

The intensity of the absorption peak at 400 nm gradually decreases as the reaction proceeds, 

indicating the reduction of the -NO2 group of 4-NP to the -NH2 group (Figure 2.21) [87], and 

finally disappears at its completion. The reaction was completed within 1 min for a rGO/Ag 

NPs catalyst prepared using AgNO3 concentration of 0.04 M. Meanwhile, a new peak appears 

at 300 nm and gradually increases, revealing the reduction of 4-NP to 4-AP. This phenomenon 

indicates that the reduction of 4-NP to 4-aminophenol (4-AP) is successfully catalysed by the 

nanocatalyst.  

 

 

 

 

 

 

Figure 2.21: Schematic illustration of the reduction of p-nitrophenol by NaBH4 with rGO/Ag 

NPs nanocomposite as catalyst. 

 

It was found that the increase of the Ag content within a certain range enhances the catalytic 

efficiency. This is mainly because the more Ag nanoparticles are deposited, the more reaction 

sites are provided in the composite materials, which lead to a higher reaction rate (Table 2.9) 

[58].  

 

 

 

 

NaBH4 

rGO/Arg-Ag NPs 
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Table 2.9: The experimental details, time for the reduction reaction of p-nitrophenol and the 

concentration of Ag in the rGO/Ag NPs catalyst 

Sample Ag concentration Time /min 

rGO/Arg-Ag 1 0.04 M 1 

rGO/Arg-Ag 2 0.004 M 5 

rGO/Arg-Ag 3 0.0004 M 10 

rGO/Arg-Ag 4 0.00004 M 20 

 

Figure 2.22 shows that the time of reduction reaction of 4-NP to 4-AM decreases by increasing 

the concentration of Ag nanoparticles in the rGO/Ag NPs catalyst. The result points out the 

important effect of the Ag nanoparticles on the catalytic activity. The catalytic reduction could 

be considered to be attributable to the following factors: 1- rGO sheets have high adsorption 

ability toward p-nitrophenol via π-π stacking interactions. This provides a high concentration 

of p-nitrophenol near the Ag nanoparticles on rGO, leading to an efficient contact between 

them [74]; 2- the electron transfer from graphene to Ag NPs increases the local electron 

concentration, facilitating the uptake of electrons by 4-NP molecules. A higher Ag 

concentration leads to a higher density of Ag nanoparticles of medium size i.e. between 11 and 

25 nm and large size (85-400 nm) (Figures 2.14 and 2.15). 
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Figure 2.22: UV–visible spectra of 4-NP (black) (a), nitrophenolate ion (red) (b) and 4-

aminophenol (green) (c) after addition of 100 µl of rGO/Ag NPs (0.5 mg.ml-1);  the 

concentration of AgNO3 used for the preparation of rGO/Ag NPs catalyst: 0.04 M (A), 0.004 

M (B), 0.0004 M (C) and 0.00004 M (D). 

 

The reusability of the rGO/Ag NPs nanocatalyst was also studied (Figure 2.23). The catalytic 

activity of the nanocatalyst slightly maintains a high performance for the first four cycles for 

the concentration 0.04 M. This means that the catalysis of rGO/Arg-Ag has a good stability 

and activity until the fourth cycle; then the completion time increases greatly (60 min) for the 

(A) 

(B) (A) 

(C) (D) 
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eight cycle. The reaction time increases may because of the surface of the silver particles 

become vulnerable to oxidation and resulting a coating of silver oxide layer onto the silver 

surface [73, 91].Also, BH4− again reduces the oxide layer and regenerates the fresh surface of 

the silver cluster. In this process, the particle size of silver is also affected [12]. Additionally, 

nitrophenolate ion adsorbed from reduced graphene oxide at the first four cycle and after that 

it’s not able to adsorb more nitrophenolate ion to be near to active surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: The catalytic performance of rGO/Ag NPs catalyst, prepared using AgNO3 

concentration of 0.04 M. 

 

2.6 Conclusion 

In summary, a facile method to synthesize a novel nanocomposite rGO/Ag NPs was developed 

by using a green and facile hydrothermal technique in a two-step process. The amino acid L-

Arginine has been successfully used as an agent for the reduction of graphene oxide. FTIR, 

XPS and UV-vis indicated that the conjugated graphene network (sp2 carbon) is re-established 

after the chemical reduction of GO, and that most of the oxygen-containing groups is removed. 

In the second step, the Ag NPs were well dispersed by an easy hydrothermal method on the 

surface of rGO/Arg. The rGO/Arg possesses a large surface area per volume, a high density of 

interfacial chemical groups and semiconducting properties, allowing effective contact with the 
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reactants and making the catalytic reactivity of the nanomaterial to be highly enhanced. 

Moreover, the Ag nanoparticles are uniformly deposited on the surface of rGO/Arg sheets with 

different sizes depending on the initial concentration of AgNO3. 

Moreover, the reduction of 4-NP to 4-AP by NaBH4 was used as a model reaction to investigate 

the catalytic property of the rGO/Ag NPs. The experimental results indicated that the 

incorporation rGO/Arg with Ag NPs nanocomposites can significantly enhance the catalytic 

activity and stability of the composite catalysts. We have also obtained the relationship between 

the catalytic activity and the Ag NPs concentration: that is, the given information about the 

best Ag concentration on the surface of rGO to complete the 4-NP reduction in a short time (1 

min). This value is small and efficient compared with other reports, maybe because other 

authors used metal complexes (Ni-Ag, Co-Ag, Au-Ag, SiO2-Ag, Fe3O4-Ag) with graphene.  

Moreover, we have demonstrated that the nanocomposite catalyst can be reused for about four 

cycles where it is still very active (completion of the reduction in about 1 min). After 8 cycles, 

the completion time increased to 60 min.  The presented composite nanocatalyst synthesis 

protocol is simple, fast, efficient, non-toxic, and low-cost to produce unique nanocomposite. 

Finally, we believe that this promising hybrid nanocomposite will have potential applications 

in many other fields especially in environmental control and biomedical applications. 
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CHAPTER 3 

Reduced graphene oxide decorated with nickel nanoparticles 

3.1. Introduction 

Graphene, one of the important materials in recent years, has attracted the attention of many 

scientists. This exciting material shows outstanding thermal, mechanical and electrical 

properties, which make it a potential material for possible applications in various fields [1]. 

The attention towards graphene has expanded to many areas of chemical applications, 

including adsorption and photocatalysis [2], heterogeneous catalysis [3], and biosensors [4]. 

Properties such as high surface area and an absence of mass transfer barriers make this material 

extremely suitable in catalysis as a new form of carbon material [5,6]. Up to now, numerous 

methods have been developed for the production of graphene sheets including 

micromechanical exfoliation, thermal expansion of graphite, [7, 8] chemical vapour deposition 

[9, 10] and solution-based chemical reduction of exfoliated graphite oxide to reduced graphene 

oxide (rGO) [11, 12]. Among these methods, the solution-based chemical reduction of 

exfoliated graphite oxide is the most suitable approach for the efficient production of graphene 

sheets owing to its low-cost and massive scalability [13] and an affordable technique for the 

large-scale production of graphene sheets.  

The presence of oxygen functional groups in graphene oxide (GO) can act as nucleation centres 

or anchoring sites for the landing of nanoparticles [7, 14], limiting the nanoparticles growth 

and improving the stability and dispersion of nanoparticles on rGO. At the same time, these 

nanoparticles can help to enlarge the interplanar spacing of the rGO, avoid them aggregating 

on the graphene structure, and maintain the excellent properties of individual rGO nanosheets 

[8, 15]. Some of the current studies on graphene-based nanocomposites have shown that a 

synergistic combination of metal/metal oxide nanoparticles with graphene sheets enhances 

their properties and performances, which make them utilizable in various fields of promising 

applications [16, 17]. 

In this chapter, we will describe a simple chemical method for decorating rGO sheets with 

nickel nanoparticles (rGO/Ni NPs). The rGO/Ni NPs is prepared by simultaneous reduction of 

GO and NiCl2 salt in water at room temperature. To examine the catalytic activity of the Ni 

NPs, the resulting nanocomposite was applied for the reduction of 4-nitrophenol to 4-

aminophenol using NaBH4 as a reducing agent. 
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3.2. Reduced graphene oxide decorated with nickel/nickel oxide 

nanoparticles 

Nickel nanoparticles (Ni NPs) have received considerable attention recently because of their 

low cost and remarkable catalytic performances in hydrogenation of nitrobenzene and 

nitrophenol, reduction of oxygen and oxidation of olefins [18-20], magnetic devices [21], 

batteries [22], catalysts [23], capacitors [24], etc. Regarding electrochemical applications, 

nickel-based nanomaterials are mainly employed in alkaline medium leading to Ni(OH)2 and 

NiOOH species. To facilitate catalyst recovery and limit nanoparticles aggregation, Ni NPs are 

commonly dispersed onto solid matrices to prepare heterogeneous nickel catalysts. The 

conversion of metallic nickel to those electroactive species is directly related to the 

morphological characteristics of the nickel nanomaterial. Thus, control and knowledge of the 

characteristics of the nickel nanoparticles are key-factors for their further application [25-27]. 

Many reports, however, relate a loss of performance during some applications [28, 29] . This 

deleterious effect can be minimized by combining metal nanoparticles with graphene, which 

avoid significant changes in the nickel morphology during the reduction process [28-30]. 

Besides enhanced stability, the use of graphene to prepare nanocomposites leads to higher 

conductivity and surface area, increasing its performance in many applications [31, 32]. Nickel 

nanoparticles/graphene nanocomposites, have many applications like sensors [30], electrodes 

for batteries [33], catalyst [34], and materials for hydrogen storage [30]. 

The physical properties of graphene are significantly altered when decorated with nickel 

nanoparticles because of the chemical interaction between graphene and nickel is due to 

hybridization of the metal d-electrons with the π-orbitals of graphene [31]. This interaction 

causes a smaller separation between the nickel surface and graphene (0.21 nm) than the typical 

van der Waals gap-distance between graphitic layers (0.33 nm). This chemical interaction is 

stronger than for other group of metals as shown in Figure 3.1 [35]. 

Therefore, a lot of works reported recently deals with the synthesis of nickel 

nanoparticles/graphene nanocomposites. The most common experimental route to produce 

these nanocomposites is based on the direct reduction of both nickel salt and graphene oxide 

[32] or the reduction of nickel salt in the presence of graphene. Thermal decomposition of 

precursors [36] and electrochemical deposition [37] have also been commonly employed. It is 
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well known that different synthetic approaches to nanocomposite materials lead to important 

modifications in their structure, morphology and properties. 

 

 

 

 

 

 

 

 

 

 

 

Figurer 3.1: Illustration of the correlation of graphene–metal separation with the energy of 

the d-band centre of the transition metal. A transition from ‘weak’ to ‘strong’ interaction 

occurs at a d-band centre position  2 eV below the Fermi-level [35]. 

 

However, these synthetic routes usually use a considerable quantity of organic solvents such 

as ethylene glycol [38], N,N-dimethylformamide [39] and N-methylpyrrolidone [28], or 

surfactant templates such as benzenesulfonate [40], which inevitably leads to the difficulty in 

the removal of organic solvents or surfactant templates, a rise in cost, and potential 

environmental pollution, and consequently, infeasibility of the large-scale production.  

Therefore, we have developed a suitable synthetic approach, which can be performed in the 

absence of organic solvents for the reduction of both nickel salt and graphene oxide without 

using sophisticated equipments, long preparation time, and high temperature treatment, is 

fundamental to produce nickel/graphene composites. 

 Previous methods developed for the deposition of nickel/nickel oxide on GO, rGO or graphene 

are summarized in Table 3.1. 
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Table 3.1: Graphene/Ni NPs or Ni(OH)2 composites, conditions and applications 

Composite Method Source of Ni 

NPs 

Conditions Applications Ref. 

Graphene/NiO Hydrothermal  C4H14NiO8 160°C, 16h Anode in Li-ion 

batteries 

[33] 

Membrane 

Graphene/NiO  

Thermal 

treatment 

Ni (NO3)2 500°C, 5 h Electrochemical 

energy storage 

[41] 

rGO/Ni 

 

Hydrothermal NiCl2.6H2O 100°C, 3 h Reduction of 4-

NP 

[34] 

rGO–NiO  Solvothermal Ni(NO3)2 180°C, 12 h Supercapacitors [42] 

rGO- Ni(OH)2 Hydrothermal Ni(NO3)2 180°C,12 h. Electrochemical 

energy storage 

[28] 

rGO–NiO  Solvothermal NiCl2.6H2O 100°C, 24 h Supercapacitors [43] 

rGO–NiO Solvothermal NiCl2.6H2O 100°C, 24 h  Anode in Li-ion 

batteries 

[44] 

GO-NiAc Photothermal  C4H14NiO8 exposure to 

focused 

sunlight 

Nonenzymatic 

glucose sensor 

[45] 

RGO-Ni NPs Hydrothermal NiCl2.6H2O 100°C, 22 h Bio-separation  [46] 

GO-NiFe2O4 Hydrothermal NiSO4.6H2O 180°C, 10 h Degradation of 

organic dyes 

[47] 

Ni/graphene 

aerogel 

Hydrothermal NiSO4.6H2O 180°C ,12 h Electrocatalysis [48] 

rGO-Ni(OH)2 Hydrothermal nickel foam 180°C ,12 h Supercapacitors [49] 

rGO/Co.Ni 

NPs 

Solvothermal NiCl2.6H2O RT, 

ammonia 

borane 

Hydrogen 

generation 

[50] 

 

 

https://www.google.ae/url?sa=t&rct=j&q=&esrc=s&source=web&cd=5&cad=rja&uact=8&sqi=2&ved=0CDkQFjAEahUKEwiz0euhjIPHAhXFtBQKHXrTD_o&url=http%3A%2F%2Fwww.chemspider.com%2FChemical-Structure.56360.html&ei=vDi6VbODIcXpUvqmv9AP&usg=AFQjCNHYQQG_qDQ6aqPuST0SkhUqbLIrjg&sig2=mqwu3pU1qNMj1LhvZ0IDJw&bvm=bv.99028883,d.d24
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Composite Method Source of Ni 

NPs 

Conditions Applications Ref. 

rGO-Ni(OH)2 Hydrothermal Ni(NO3)2.6H2O 180°C, 10 h Supercapacitors [51] 

Ni(OH)2/G 

sheets 

Hydrothermal  NiSO4.7H2O  95°C, 16 h. Supercapacitors [52] 

NiCo2S4–rGO Hydrothermal Ni(OAc)2.6H

2O 

180°C, 12 h Oxygen reduction 

reaction (ORR) 

[53] 

rGO/Pt–Ni 

 

Chemical 

reduction 

Ni(NO3)2.6H2

O 

110°C, 3 h Reduction of p-

nitrophenol 

[54] 

Graphene/NiO Electrochemical Ni(NO3)2.6H2O -1.2 , 0 V,  

scan rate 50 

mVs−1, 20 

cycles 

Nonenzymatic 

glucose sensors 

[55] 

Ni(OH)2-rGO-

MWCNT 

Electrochemical NiCl2.6H2O -1.1 V for 

15 s 

Nonenzymatic 

glucose sensing, 

H2O2 sensing 

[37] 

Ni-rGO Hydrothermal NiCl2.6H2O 380°C , 1 h Reduction of 

Cr(VI) 

[56] 

Pt/Ni-G 

 

Chemical 

reduction 

NiSO4 N2H4⋅H2O, 

KOH  

Reduction of p-

nitrophenol 

[57] 

Ni(OH) 

2/CoO/rGO 

Solvothermal Ni(CH3COO)

2·4H2O 

160°C, 6 h. Supercapacitors [58] 

Ni-rGO Microwave-

assisted 

method 

Ni(NO3)2·6H

2O 

microwave 

irradiation 

(300 W) for 

20 min 

Nonenzymatic 

glucose sensing 

[59] 
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Ji and co-workers [34] synthesized reduced graphene oxide/Ni (rGO/Ni) nanocomposites with 

different morphologies using a simple method. In this approach, a mixture of nickel chloride 

(NiCl2) and graphene oxide (GO) was reduced with hydrazine hydrate at 100 °C for 3 h under 

N2 atmosphere. SEM and TEM images clearly showed that Ni nanoparticles are densely and 

uniformly distributed on the surfaces of rGO sheets with an average size of 2–4 nm (Figure 

3.1).  

The catalytic activity of the resulting rGO/Ni nanocomposites was investigated for the 

reduction of p-nitrophenol by NaBH4. It was found that the nanocomposites exhibit higher 

catalytic activity compared with the unsupported Ni nanoparticles [34]. 

  

 

 

 

 

 

 

 

 

Figure 3.1: Typical (a)–(c) TEM and (d) HRTEM images of the rGO/Ni nanocomposites 

[34]. 

 

Yang et al. [42] have used a simple solvothermal route starting with graphite oxide to prepare 

rGO-NiO composites. Nickel nitrate [Ni(NO3)2·6H2O] mixed with GO was dispersed in DMF 

and then heated at 180°C for 12 h in an autoclave. The dried RGO-Ni(OH)2 composites were 

calcined at 250°C for 4 h in air to obtain the final black coloured product, the rGO–NiO 

composites. The authors found that the electrochemical performance of the composites could 

be affected by the mass ratio between rGO and NiO and that rGO sheets were uniformly 

covered with NiO nanoparticles to form a three-dimensional network structure (flower), the 

same as the pure NiO, but with thicker petals (Figure 3.2). When it was published the 
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composite exhibited  one of the highest specific capacitance of 576 F. g−1 at 1 A. g−1, compared 

with pure NiO (240 F. g−1) and pure rGO (98 F. g−1) [42]. 

 

 

 

 

 

 

 

 

 

 

Figure (3.2): FESEM images of pure NiO (a) pure rGO, and (b) rGO–NiO composites with 

different mass ratios of NiO to rGO up to 79:21 (c) and 63.8:36.2 (d) [42]. 

Zhu et al. [43] have prepared a rGO/NiO composite by homogeneous co-precipitation and 

subsequent annealing.  

 

 

 

 

 

 

 

 

 

Figure 3.3: SEM and TEM images of the rGO/NiO [43]. 
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Urea and NiCl2 solutions were slowly and sequentially added to graphene oxide and heated at 

90°C for 1.5 h. The mixture was cooled down to room temperature and hydrazine hydrate was 

added to the mixture and refluxed at 100°C for 24 h in an oil bath so that both graphene oxide 

and nickel oxide were reduced. The as-prepared product was annealed at 400°C for 3 h under 

nitrogen atmosphere in order to obtain rGO/NiO composite. Detailed characterizations showed 

that NiO particles have a nanosheet-based microsphere structure and are anchored uniformly 

on the surface of reduced graphene oxide platelets Figure 3.3. The rGO/NiO-based 

supercapacitors exhibit high specific capacitance of  about 670 F. g-1 at 1 A. g-1 and an enhanced 

rate capability for electrochemical supercapacitors [43]. 

Sahoo et al. [54] have demonstrated a simplistic in situ one-step reduction approach for the 

synthesis of rGO/Pt–Ni nanocatalysts with different atomic ratios of Pt and Ni, without using 

any capping agent. The nanocatalysts were synthesized by a one-step chemical reduction 

method in the absence of capping agents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.4): TEM images of rGO/Pt–Ni nanocatalysts at Pt–Ni different atomic ratios of (a), 

25:75 (b) 33:67, (c) 50:50 and (d) bare Pt–Ni. Inset (a) shows a HRTEM image of the 

RGO/Pt-Ni nanocatalyst with  an atomic ratio 25:75 [54]. 
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The required amounts of H2PtCl6.6H2O and Ni (NO3)2.6H2O were dissolved in ethylene glycol 

(EG). This salt solution was added to the suspension of GO. Consequently, hydrazine hydrate 

and NaOH (made with EG) were added, and this mixture was kept in an ultrasonic bath for 10 

min. Then, this mixture was heated at 110°C for 3 h under a N2 atmosphere. The rGO/Pt–Ni 

nanocatalysts have different Pt–Ni atomic ratios as shown in Figure 3.4, each consisting of 

highly interconnected/aggregated crystallites with an average mean particle diameter of 

approximately 3–4 nm. The results indicate that the rGO/Pt–Ni nanocatalysts display a super-

paramagnetic nature at room temperature for all compositions. Furthermore, the catalytic 

activities of the rGO/Pt–Ni nanocatalysts were investigated by analyzing the reduction of p-

nitrophenol, and the reduction rate was found to depend on the Pt to Ni ratio [54]. 

Liu et al. [57] have synthesized Pt/Ni-G hybrids by a chemical reduction method. Graphene 

oxide (GO) was dispersed in Tannin (TA) aqueous solution under sonication. Then, H2PtCl6 

and NiSO4 were added to the TA-GO solution under nitrogen atmosphere. Then, N2H4⋅H2O 

and KOH solutions were injected into the mixture. The solution turned black immediately and 

was kept under stirring. Finally, the product was isolated, washed with ethanol and deionized 

water for purification purposes [57]. TEM imaging showed that spherical nanoparticles were 

homogeneously dispersed on the surfaces of rGO. The size of the nanoparticles was in the 

range of 12–19 nm, with a mean size of 15.4 nm (Figure 3.5). 

 

 

 

 

 

 

 

 

 

Figure 3.5: TEM image and size distribution of Pt/Ni NPs decorated on graphene sheets [57]. 
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The Pt/Ni-G hybrids exhibited an excellent catalytic activity for the reduction of aromatic nitro 

compounds, and could be easily separated from the reaction mixture by applying an external 

magnetic field [57]. 

In the following section, I will describe our results on the preparation, characterization and 

application of reduced graphene oxide/Ni NPs nanocomposite.  

3.3. Reduced graphene oxide decorated with Ni NPs (rGO/Ni NPs) 

In this work, we describe an environmentally friendly, one-pot strategy toward rapid 

preparation of rGO-Ni NPs. The formation of rGO-Ni NPs is accomplished by directly heating 

a mixture of GO and NiCl2.6H2O aqueous solution at 100°C for 24 h under stirring without the 

extra introduction of any reducing agent. The central idea of this approach is that GO serves as 

a reducing agent for the formation of Ni NPs while GO can be converted into rGO at the same 

time. GO nanosheets were first produced from natural graphite powder by an improved 

Hummers and Offeman method [60] described in the Experimental Part (§ 2). A 

homogeneous yellow brown suspension of GO sheets (1 mg/mL) in water was achieved by 

ultrasonication for 3 h. Then, 5 mL of NiCl2.6H2O aqueous solution (0.079 M) was added to 

(1 mg/mL) homogeneous water suspension of GO nanosheets. The mixture was kept under 

stirring for 24 h at 100°C. The resulting black precipitate was separated from the aqueous 

supernatant by centrifugation at 14 000 rpm for 30 min. After washing thoroughly with Milli-

Q water and absolute ethanol to remove any impurities, the precipitate was dried in an oven at 

50°C for 24 h to yield rGO/Ni NPs (Figure 3.6).  

 

 

 

 

 

 

 

Figure 3.6:  Schematic diagram for synthesis of rGO/Ni NPs. 

The success of the reaction was confirmed by UV-Vis absorption spectra (Figure 3.7). The 

UV–Vis spectra show clearly that the absorption peak red-shifted from 228 to 262 nm upon 
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reaction with NiCl2 at 100°C for 24 h; the 228 nm peak is due to the π→π* transition of C=C 

bonds in sp2 region (Figure 3.7). The result suggests that the GO nanosheets have been reduced 

and that the electronic conjugation within the GO nanosheets was restored upon reaction with 

NiCl2 at 100°C. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: UV-Vis absorption spectra of GO before (black) and after (red) reduction with 

NiCl2 at 100°C for 24 h. 

 

X-ray photoelectron spectroscopy (XPS) analysis gives further information on the chemical 

transformations between GO and nickel nanoparticles. Figure 3.8 depicts the survey XPS 

spectra of GO and rGO-Ni NPs. We can recognize in both GO and rGO-Ni NPs two peaks due 

to C1s and O1s. The C/O ratio is higher in rGO-Ni NPs, suggesting that the sp2
 network has been 

restored during the process [61, 62] (& Table 3.2). Moreover, a new peak due to Ni2p3/2 

appeared in the XPS survey of rGO-Ni NPs, which indicates that Ni NPs have been anchored 

on the graphene sheets [46, 49]. 

The C1s high resolution spectrum of GO consists of three components that correspond to C–C 

(285 eV), C–O (287 eV), and C=O (288.4 eV) clearly indicates a considerable degree of 

oxidation (Figure 3.9). 
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Figure 3.8: XPS survey spectra GO and rGO-Ni NPs. 

 

In contrast, the XPS high resolution C1s spectrum of rGO-Ni NPs comprises a major peak due 

to C=C (283.6 eV), and smaller peaks assigned to C-C/C-H (285.6 eV), C=O (287.8 eV) and 

HO-C=O (290 eV). The bands due to C=O and C-O bonds distinctly decrease and C=C peak 

has been restored during the process; this suggests a considerable deoxygenation after chemical 

reduction in the presence of nickel chloride [49, 50]. 

 

 

 

 

 

 

 

 

 

Figure 3.9: High resolution C1s XPS spectra of GO and rGO-Ni NPs. 
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The Ni2p XPS spectrum exhibits two main peaks at 855.1 and 873 eV, corresponding to Ni2p3/2 

and Ni2p1/2, respectively with a spin-energy separation of 18 eV [49] (Figure 3.10). The peaks 

at 855.1 eV and 573 eV correspond to that of the Ni(OH)2 phase and also the peak at 859.4 eV 

corresponds to that of Ni(OH)2 [46, 50, 63]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: High resolution XPS spectra of Ni 2p rGO-Ni NPs. 

The weight percentage of each element was analyzed by CasaXPS software (Table 3.2). 

  

Table 3.2: Weight percentage of each element in GO, rGO-Ni NPs. 

Material Weight 

percentage 

Ratio 

C/O 

GO C1s=71.31 

O1s=28.69 

2.4 

rGO C1s =77.01 

O1s =22.14 

Ni 2p =0.85 

3.47 

 

The weight percentage of C1s increases and that of O1s decreases after the reaction of GO with 

nickel chloride at 100°C for 24 h. The ratio of carbon to oxygen (C/O) increases from 2.4 for 
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GO to 3.47 for rGO-Ni NPs, which means that GO has been reduced by chemical reaction with 

nickel chloride.  

Raman spectroscopy is a non-destructive technique adopted for the investigation of the layer, 

structure, doping and disorder of graphene-based materials. The presence of rGO in the rGO-

Ni NPs composite is further confirmed by Raman spectroscopy as shown in Figure 3.11. The 

ratio of G band (∼1565 cm−1) corresponding to the in-plane bond-stretching motion of the pairs 

of Csp2 atoms (the E2g phonons) and the D band (∼1314 cm−1) originating from the breathing 

modes of rings or κ-point phonons of A1g symmetry is usually used to semi-quantitatively 

determine the reduction extent [44, 46]. The G band is shifted from 1600 cm-1 in GO to 1565 

cm-1 in rGO/Ni NPs, close to the value of the pristine graphite, confirming the reduction of GO 

[34, 64]. The slight increase of the ID/IG ratio in rGO/Ni NPs (0.9 vs. 0.72 for GO) suggests a 

decrease in the size and an increase in the number of the sp2 domains upon reduction by nickel 

chloride. This indicates that GO is significantly reduced and forms a high level of disordered 

structure during its chemical reduction in the presence nickel chloride [42]. The second 

scattering Raman mode, namely the 2D band at 2915 cm−1, whose shape and position depend 

strongly on the structure of graphene, is usually used to identify the number of graphene layers 

(<10 layers) [64]. However, this peak becomes broader and without any shift, suggesting 

randomly aggregated graphene layers in the obtained hybrid. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Raman spectra of GO and rGO-Ni NPs. 

O 

rGO-Ni NPs 
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The conversion of oxygen-containing functional groups (carboxyl, epoxide and hydroxyl 

groups) on the surface of GO after the chemical reduction process are characterized by FT-IR 

spectra (Figure 3.12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: FTIR spectra of the as-prepared GO and rGO-Ni NPs. 

The FTIR spectra of GO and the reduction product showed remarkable differences. For GO, a 

strong and broad absorption band at 3418 cm-1 ascribed to O–H stretching vibrations, and the 

C=O stretching of COOH groups (1737 cm-1) situated at the edges of GO sheets are observed. 

The absorption at 1420 cm-1 may be due to tertiary C–OH groups. The absorption band at 1080 

cm-1 is attributed to stretching vibrations of C-O groups, while the band at 1623 cm-1 is assigned 

to C=C stretching vibrations as part of the ring breathing mode in the GO skeleton. The band 

at 1228 cm-1 is attributed to the stretching vibration of C-C [47, 48]. By contrast, for the rGO-

Ni NPs, the O-H band is decreased, while the skeletal C=C vibration band at 1623 cm-1 is 

shifted to 1587 cm-1, and the C-C band at 1228 cm-1 shifts to 1233  cm-1. Moreover, the C=O 

band at 1737 cm−1 decreases and shifts  to 1717 cm-1, and the C–OH and C–O bands of GO 

disappear also, indicating the reduction of GO to rGO during the chemical reaction with nickel 

chloride at 100°C [50]. 
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The as-prepared composite was characterized using FESEM, TEM and X-ray energy dispersive 

spectroscopy (EDX) (Figure 3.13). In FESEM images, aggregated and crumpled rGO sheets 

were observed with no clear evidence for the presence of Ni nanoparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: SEM images of GO (A) and rGO-Ni NPs (B, C). 

We further used FEI Tecnai Osiris to analyze the rGO-Ni NPs composite. FEI Tecnai Osiris is 

an analytical TEM instrument optimised for high speed and high sensitivity Energy-Dispersive 

X-ray spectroscopy (EDX) measurements in STEM mode. Figure 3.14 displays a STEM-

HAADF image of the rGO/Ni NPs composite at an accelerating voltage of 200 kV as well as 

the Energy Dispersive X-Ray (EDX) spectrum recorded on it, which shows the presence of 

only nickel, carbon and oxygen. The copper originates from the copper grid used for dropping 

the sample.  
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Figure 3.14: STEM, Super-X EDX at 200kV of rGO-Ni NPs.  

 

Table 3.3: Elemental concentration of rGO-Ni NPs. 

 

Table 3.3 shows the concentration of the elements present in the sample. Ni is clearly detected. 

EDX mappings were also performed to further investigate the structure of rGO/Ni NPs 

composite. Figure 3.15 depicts the elemental maps of carbon, oxygen and nickel of the 

composite, with the corresponding overlay image in Figure 3.14.These elemental maps 

indicate that the graphene is homogeneously coated on the Ni NPs [45, 49, 50]. 

 

 

 

 

 

 

Element C O Ni Si 

Mass % 80.3 16.6 2.4 0.3 
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Figure (3.15): elemental maps of carbon, oxygen and nickel of the rGO-Ni NPs. 

 

Figure (3.16), Figure (3.17) and Table (3.3) for the same sample deposited on different Si 

wafer. 

Table 3.4: Elemental composition of rGO-Ni NPs 

 

 

 

Element C O Ni Si 

Mass % 86.4 9.6 3.5 0.4 



131 

 

 

 

 

 

 

 

 

Figure 3.16: STEM, Super-X EDX at 200kV of rGO-Ni NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Elemental maps of carbon, oxygen and nickel of the rGO-Ni NPs. 

 

These analysis indicate that Ni NPs are present on the graphene sheets at an average 

concentration of 2.9 %.  
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3.4. Catalytic reduction of 4-nitrophenol  

The catalytic ability of the rGO-Ni NPs nanocomposite was investigated for the reduction of 

4-nitrophenol (4-NP) with NaBH4 as a model system at room temperature. Typically, after 

having prepared 0.1 mM of 4-NP and 0.1 M NaBH4 solutions, a mixture of 3 ml of 4-NP and 

0.5 ml NaBH4 freshly prepared. Upon addition of NaBH4 to 4-NP solution, the colour changed 

from light yellow to yellow-green because nitrophenol was converted to nitrophenolate anion. 

After addition of 100 µl of the catalyst rGO-Ni NPs (0.5 mg.ml-1) aqueous solution to the 

mixture at room temperature, the yellow-green colour disappeared. The course of this reaction 

was monitored by UV-Vis spectroscopy.  

Recycling experiments were also conducted in order to study the catalytic stability and activity. 

Similar to the above reduction process, a given amount of the as-prepared rGO-Ni NPs (0.5 

mg.ml-1) was used to catalyse 0.1 mM 4-NP mixture with 0.1 M NaBH4. At the end of the 

reaction, the catalyst was separated by centrifugation at 4000 rpm for 5 min, and the supernatant 

was analysed using UV-Vis spectroscopy. The same procedure was repeated at least ten times 

in order to explore the reusability and activity of the nanocatalyst. 

3.4.1. Reduction of 4-nitrophenol to 4-aminophenol by rGO-Ni NPs 

The original absorption peak of p-nitrophenol at 317 nm shifts to 400 nm immediately upon 

the addition of freshly prepared NaBH4 solution Figure (3.18), corresponding to the colour 

change from light yellow to yellow-green due to the formation of p-nitrophenolate ions [65-

68] as shown in. In the absence of catalyst rGO-Ni NPs, the peak due to 4-nitrophenolate ion 

at 400 nm remains unaltered even after a couple of days as reported in the literature [34, 69]. 
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Figure 3.18: UV–visible spectra of 4-NP (a), nitrophenolate ion before (b) and after addition 

100 µl, rGO-Ni NPs (0.5 mg.ml-1) (c). 

The intensity of the absorption peak at 400 nm gradually decreases as the reaction proceeds, 

indicating the reduction of the –NO2 group of 4-nitrophenol to–NH2 group (Figure 3.19) [69], 

and  finally disappears at its completion after 5 min at room temperature. Meanwhile, a new 

peak appears of the absorption of 4-AP after 1 min to 317 nm and shift at 300 nm, revealing 

the reduction of 4-NP to 4-AP was completed. This phenomenon indicates that the reduction 

of 4-NP to 4-AP is successfully catalysed by the rGO-Ni NPs nanocatalyst.  

 

  

 

 

 

Figure 3.19: Schematic illustration of the reduction of 4-nitrophenol by NaBH4 using rGO-

Ni NPs nanocomposite as a catalyst. 

 

As in the case of rGO/Ag nanocomposite, we can consider that the shorter time for the 

reduction of 4-NP to 4-AP by using rGO-Ni NPs nanocomposites is attributable to the 

NaBH4G

rGO-Ni NPs 
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following factor: rGO sheets have high adsorption ability toward p-nitrophenol via π-π stacking 

interactions [34]. This provides a high concentration of p-nitrophenol near the Ni nanoparticles 

on rGO, leading to an efficient contact between them [70]; the electron transfer from the 

graphene to Ni nanoparticles increases the local electron concentration, facilitating the uptake 

of electrons by 4-NP molecules [18]. 

The reusability of the nanocatalyst is represented in Figure 3.20. It shows that the catalytic 

activity of the rGO-Ni NPs nanocatalyst is not altered even after ten successive catalytic cycle’s 

rGO-Ni NPs. This means that the catalytic of rGO-Ni NPs has a good stability and activity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: The catalytic performance of rGO-Ni NPs within ten cycles. 

 

3.5. Conclusion 

In summary, a facile method to synthesize a novel nanocomposite rGO-Ni NPs was developed 

using a green and facile chemical reduction. In this technique, nickel chloride has been 

successfully used for the reduction of graphene oxide and deposition of Ni nanoparticles on 

graphene sheets. FTIR, XPS and UV-vis indicate that the conjugated graphene network (sp2 

carbon) is re-established after the chemical reduction of GO and a high fraction of the oxygen 
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compounds is removed. The Ni NPs are well dispersed on the surface of graphene by this easy 

reduction method with an average concentration of 2.9 %.  

The reduction of 4-NP to 4-AP by NaBH4 was used as a model reaction to investigate the 

catalytic property of the rGO-Ni NPs. The nanocomposite exhibited remarkably improved 

catalytic activity for the reduction of 4-nitrophenol to 4-aminophenol. Moreover, we have 

demonstrated that the nanocomposite catalyst can be reused for ten cycles without any apparent 

loss of its catalytic activity. The developed nanocatalyst synthesis protocol is simple, fast, 

efficient, non-toxic, and low-cost to produce unique nanocomposite. Finally, we believe that 

this promising hybrid nanocomposite will have potential applications in many other fields 

especially in environmental control and biomedical applications. 
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CHAPTER 4 

Preparation, characterizations and applications of reduced 

graphene oxide decorated with Co3O4 nanoparticles (rGO-Co3O4) 

nanocomposite 

4.1. Introduction 

Graphene is a one atom thick sheet of sp2 bonded carbon atoms in a honeycomb crystal lattice, 

which is at the cutting edge of materials science and condensed matter physics research [1, 2]. 

It’s fascinating high conductivity, superior electron mobility, extremely high specific surface 

area and easy functionalization make graphene a good substrate to produce graphene-based 

nanocomposites [3, 4]. Especially, graphene–metal oxide nanocomposites have attracted 

extensive attention for their potential applications in environmental and energy-related areas. 

The physicochemical properties depend strongly on the number of layers and the dispersion 

performance of graphene sheets [5]. However, Van der Waals and π-π stacking interactions 

among individual graphene sheets result in their tendency to aggregate [6, 7] when graphene 

dispersion solutions are dried. A graphene layer interfacing with evenly distributed 

nanoparticles (NPs) on the surface could lead to a well-defined, novel graphene with 

exceptional surface area. In addition, the NPs could act as a stabilizer against the aggregation 

of individual graphene sheets. In a composite, graphene provides chemical functionality and 

compatibility to allow easy processing of metal oxides in the composite. The metal oxide 

component mainly provides high activity depending on its structure, size and crystallinity [8]. 

The resultant composite is not merely the sum of the individual components, but rather a new 

material with new functionalities and properties [9]. 

Moreover, the development of graphene-based composites provides an important milestone to 

improve the application performance of metal oxide nanomaterials in different fields such as 

energy harvesting, conversion and storage devices, photovoltaic devices, photocatalysis, etc. 

Therefore, considerable efforts have recently been devoted to decorating graphene with metal 

oxides NPs [10-12]. To date, various kinds of metal oxides have been synthesized and 

supported on graphene, which include TiO2, ZnO, SnO2, MnO2, Co3O4, Fe3O4, Fe2O3, NiO, 

Cu2O, etc. In the following context, we will briefly give an overview on the synthesis of 

graphene–metal oxide composites. 
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4.2. Decoration of cobalt oxide on graphene sheets as a model to 

metal oxide/graphene nanocomposites 

Nanoparticles containing magnetic materials (such as iron, nickel and cobalt oxides) have 

potential applications in biotechnology, drug delivery and hyperthermic cancer treatment [13, 

14]. This type of oxide is a magnetic p-type semiconductor with a cubic spinel crystal structure 

in which CoII occupies the tetrahedral sites and the octrahedral sites are occupied by CoIII [15]. 

Moreover, cobalt nanoparticles have long been of scientific and technological interest due to 

their unusual magnetic properties and industrial applications [16, 17] . Also, cobalt oxide 

(Co3O4) is a transition metal oxide with intriguing electronic, optical, electrochemical, high 

catalytic activity and electrocatalytic properties [18]. These properties of Co3O4 NPs make 

them promising materials for electronic devices [19], gas sensors [20], magnetic materials [21], 

electrochromic devices [22], electrochemical anodes for sensors [23], high temperature 

selective absorbers of solar radiation [24] and anode materials for rechargeable Li ion batteries 

[25]. 

However, the cobalt oxide outstanding properties are decreased or lost especially in 

applications of Li-ion batteries because of the large volume expansion/contraction; severe 

particle aggregation taking place in these metal compounds during the Li insertion/extraction 

processes often lead to electrode pulverization and loss of interparticle contacts, consequently 

resulting in large irreversible capacities and poor rate capability, limited capacity and rapid 

capacity fading, caused by their low conductivity and drastic volume expansion during the 

discharge/charge process [26, 27]. 

In catalysis, so far, not only non-noble metal NPs and noble metal NPs, but also their 

composites have been used for these applications, because of element abundance and related 

economic issues. Additionally, the catalytic performance of the metal NPs is highly dependent 

on the dispersion of the active metals. Thus, aggregation of the NPs during the catalytic process 

due to the high surface energies and magnetic properties is the main impediment to restraint 

their development [28]. 

To solve these problems, the scientific community focused on the preparation of low-cost 

catalysts with high catalytic activity and high specific surface area. For that, many various 

surfactants and substrates are successfully utilized to obtain catalysts with preferable disparity 

[29]. Graphene could be an ideal substrate for growing and anchoring metal NPs with good 

dispersion due to its high specific surface area and large density of free electrons. 
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Recently, Co3O4 nanomaterials combined with graphene have been fabricated using different 

techniques and have shown good properties for drug delivery [30, 31], energy storage [9], 

supercapacitors [32], heterogeneous catalysts [33], electrochemical sensors [34], Li-ion 

rechargeable batteries [16], and water treatment [35]. Table 5.1 summarizes the different routes 

developed for the synthesis of Co3O4/rGO nanocomposites and their applications. 

 

Table 4.1. Graphene/cobalt oxide composites: synthesis conditions and applications 

Composite  Synthesis conditions Size of 

NPs 

(nm) 

Applications Ref. 

GO-Co3O4 GO, Co(NO3)2 Hexanol, 

140°C, 10 h 

100 Decomposition of 

ammonium perchlorate (AP) 

[36] 

Co3O4/G G, Co(NO3)2, ammonia, 2step 

450°C, 2 h 

10-30 Supercapacitors, lithium-ion 

batteries 

[37] 

Co3O4/G  GO, Co(NO3)2, urea,  

microwave oven, 10 min, 2step 

320°C, 1h 

3–5 Supercapacitors [38] 

Co3O4/N-

rGO 

GO, Co(OAc)2, NH4OH, 

ethanol, 10 h, 80°C, 2step 

(150°C, 3h) 

12-25 Heterogeneous catalysis [39] 

Co3O4/G GO, CoCl2, NaBH4, 100°C, 

3h, 2step(200°C, 15h) 

15–25 Supercapacitors, lithium-ion 

batteries 

[40] 

Co3O4/G GO, Co(NO3)2, ethylene 

glycol, microwave oven, 6 

min 

--- Supercapacitors [17] 

Co3O4/rGO CoCl2, urea, PVP, GO, 

hydrazine, 4 h,100°C, 2step ( 

600°C, 3h, 300°C, 6 h 

100 Lithium-ion batteries [16] 

Co3O4/rGO GO,CoCl2, urea, 95°C , 8 h, 

2step 250°C , 4h 

10-30 Supercapacitors [41] 

Co3O4/rGO GO, Co(CH3COO)2, 10 h, 

80°C, 2step 150°C, 3 h 

20 Supercapacitors [42] 

Co(OH)2/G GO, CoCl2, Na2S, 83°C, 4 h 30-60 ------ [43] 

Co3O4/G GO, ethylene glycol, CoCl2, 

hydrazine, NaOH, 110°C, 3 h 

3 ------ [44] 

3D G/Co3O4 3D graphene, CoCl2, urea, 16 

h, 120°C, 2step 450°C, 2h 

200-

300 

Supercapacitors,  

 Glucose Detection 

 

[45] 

Co3O4/G GO, Co(OAc)2, NH4OH, 

hydrazine, 4 h, 100°C, 2step 

400 °C, 1h 

--- Catalytic activity for CO 

oxidation 

[46] 
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From Table 4.1 one clearly sees that all the reported methods for the preparation of 

graphene/cobalt oxide are complex and require the use of hazard agents and high temperature 

to reduce graphene oxide and anchor cobalt oxide. In the first step, a mixture of graphene oxide 

and cobalt derivatives (cobalt acetate, cobalt nitrate, cobalt chloride) was heated up in an oil 

bath or Teflon-lined autoclave for hydrothermal treatment. During this process, GO was 

reduced to graphene nanosheets and Co2+ cations were transformed to Co(OH)2 

simultaneously. The resulting Co(OH)2/rGO composite precursor was calcined at high 

temperature for several hours to obtain Co3O4/rGO composite.  

The synthesized Co3O4/rGO nanocomposites were successfully applied for various 

applications like drug delivery [30, 31], energy storage [9], supercapacitors [32], heterogeneous 

catalysis [33], electrochemical sensors [34], Li-ion rechargeable batteries [16], and water 

treatment [35].    

In this chapter, we report a one-step, easy, low-cost, and simple preparation method of 

Co3O4/rGO nanocomposite by reduction of graphene oxide and its decoration with cobalt oxide 

by using NaBH4 as reducing agent at room temperature. 

 

4.3. Reduced graphene oxide decorated with cobalt oxide 

nanoparticles (rGO-Co3O4 NPs). 

GO nanosheets were produced from natural graphite powder by an improved Hummers and 

Offeman method [47]. Typically, GO dispersion (1 mg/ml) was dispersed in Milli-Q water. 

The mixture was sonicated for about 30 min, and cobalt chloride (CoCl2, 40 mM) was added 

under shaking, then sodium borohydride (0.1 M) was added slowly to the mixture at room 

Composite  Synthesis conditions Size of 

NPs 

(nm) 

Applications Ref. 

rGO–Co3O4 GO, Co(OAc)2, NH4OH, 12 

h, 180°C, 2step cast on Pt 

electrode 

--- Oxidation of methanol [18] 

Co3O4/rGO GO, Co(NO3)2, 2-

methylimidazole, 2step 600°C 

, 4h 

--- Activator for 

peroxymonosulfate 

[31] 

Co3O4/G oleic acid, xylene, Co(Ac)2, 

GO, NaBH4, 4 h, 150°C, 2step 

300°C, 3h 

--- Oxygen evolution reaction [33] 
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temperature. The mixture was kept at room temperature for 30 min under shaking. The 

resulting black precipitate was separated from the aqueous supernatant by centrifugation at 

14000 rpm for 30 min. After washing thoroughly with water and absolute ethanol to remove 

impurities, the precipitate was dried in an oven at 50°C for 24 h, hereafter named rGO-Co3O4 

NPs as shown in Figure (4.1).  

 

Figure 4.1:  Schematic illustration of the synthesis of rGO-Co3O4 NPs. 

 

4.4. Characterizations of rGO/Co3O4 nanocomposite 

Figure (4.2) depicts the UV-vis spectra of GO, rGO and rGO-Co3O4 nanocomposite. The UV–

vis spectrum of GO displays characteristic absorption peaks at 225 nm and a shoulder at around 

300 nm due to π-π*
 of aromatic carbon bonds and n-π* transition of C=O bonds, respectively 

(Figure (4.2, red trace)). Upon GO reduction with NaBH4 at room temperature, a red shift of 

the GO absorption band at 225 to 260 nm was observed, suggesting restoration of the aromatic 

network (Figure 4.2, blue trace)).  
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Figure 4.2: UV-Vis absorption spectra of GO before (red), rGO (blue) and rGO-Co3O4 

nanocomposite. 

NaBH4 reduction of a mixture of GO and CoCl2 aqueous solution induced a red-shift of the 

absorption band of GO from 225 to 260 nm and appearance of a new strong band at 433 nm 

due to Co3O4 NPs [48, 49] (Figure 4.2, black trace). The result suggests that 1- the GO 

nanosheets have been reduced to rGO and that the electronic conjugation within the GO 

nanosheets was restored upon reaction with cobalt chloride and sodium borohydride, and 2- 

the cobalt oxide nanoparticles have been anchored onto the graphene sheets. 

X-ray photoelectron spectroscopy (XPS) analysis also confirms the formation of 

Co3O4/rGO nanocomposite. Figure 4.3 shows the survey XPS spectra of GO and rGO-

Co3O4 composite. We can recognize in both GO and rGO-Co3O4 NPs two peaks that 

belong to C1s and O1s. Moreover, new peaks belonging to Co2p, Co3p and Co3s appear in 

the survey spectrum of rGO-Co3O4 composite, indicating that cobalt related NPs have 

been anchored onto the graphene sheets. 
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Figure 4.3: Survey (XPS) spectra of GO and rGO-Co3O4 nanocomposite. 

 

Table 4.2: Weight percentage of each element in GO and rGO-Co3O4 nanocomposite. 

 

Material Weight 

percentage 

Ratio C/O 

GO C1s = 71.31 
O1s = 28.69 

2.4 

rGO-Co3O4 C1s = 51.70 

O1s = 38.23 

Co2p = 10.07 

1.32 

Figure 4.4 displays the C1s core level XPS spectrum of GO nanosheets. It can be 

deconvoluted into three components with binding energies at about 284.9, 287.0 and 

288.2 eV assigned to C-H/C-C, C-O and C=O species, respectively. The spectrum is 

dominated by the peak at 287.0 eV due to C-O, in accordance with a high oxidation 

degree of GO. In contrast, the C1s high resolution XPS spectrum of Co3O4/rGO 

nanocomposite showed a significant decrease in the peak intensities associated with C-

H/C-C, C-O and C=O groups (Figure 4.4).  
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Figure 4.4: High resolution XPS spectra of C1s for GO and rGO-Co3O4 nanocomposite. 

The spectrum is dominated by a band with a binding energy at 283 eV due to sp2 carbon, 

suggesting the restoration of the graphene network in the synthesized hybrid composite. 

The high resolution Co2p XPS spectrum of Co3O4/rGO exhibits two peaks at 780 and 795 eV, 

corresponding to the Co2p1/2 and Co2p3/2 spin-orbit peaks of Co3O4. The spectrum displays also 

two shake-up satellite peaks of the Co2p3/2 and Co2p1/2 located at around 784 and 801 eV with 

deviations from the main peaks of 4 and 7 eV, respectively. The results suggest that cobalt 
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exists in the form of Co3O4, in good agreement with the previously reported data (Figure 4.5) 

[50]. 
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Figure 4.5: High resolution XPS spectra of Co2p for rGO-NPs. 

 

Raman spectroscopy is a powerful technique to study carbonaceous materials. Figure 4.6 

depicts the Raman spectra of Co3O4 NPs, prepared by CoCl2 reduction with NaBH4, and rGO-

Co3O4 hybrid. The Raman spectrum of Co3O4 nanoparticles displays four Raman peaks located 

at 486, 531, 603 and 692 cm-1. They correspond to the Eg, Eg, F2g, and A1g modes of the 

crystalline Co3O4. The Raman spectrum of the rGO-Co3O4 nanocomposite shows characteristic 

peaks of Co3O4 in the region of 400-700 cm-1 and characteristic peaks of the D and G bands 

from graphene at around 1335 and 1600 cm-1, respectively. The presence of these peaks clearly 

indicates the existence of both rGO and Co3O4 in the as-prepared hybrid. Furthermore, the 

higher intensity of D band in the composite showed a largely disordered structure of the 

obtained rGO. The results confirm that crystalline cobalt oxide are anchored onto the graphene 

sheets [31, 46]. 
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Figure 4.6: Raman spectra of Co3O4 NPs and rGO-Co3O4 nanocomposite. 

 

The XRD pattern of rGO-Co3O4 displays diffraction peaks (2θ) at 31.27°, 36.84°, 

38.56°, 44.8°, 59.35°, 65.23°, 74.11°, 77.34° and 78.4° which correspond to the (220), 

(311), (222), (400),(511), (440), (620), (533) and (622) crystalline planes of Co3O4 

(ICDD file number 043-1003) (Figure 4.7) [26, 27, 31]. The crystallite size (i.e. 

coherent domain size) was evaluated at 5 nm using the Scherer formula for the two 

single peaks located at 59.35° (511) and 65.23° (440).  

 

Figure 4.7: XRD pattern for the rGO-Co3O4 nanocomposite 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

25 35 45 55 65 75

2 teta (°)

C
o

u
n

ts

(220)

(311)

(2
22

)

(400)

(511)

(440)

(6
2

0
) (5

33
)

(6
2

2
)



153 

 

The FTIR spectra of GO and rGO-Co3O4 showed remarkable differences (Figure 4.8). For GO, 

a strong and broad absorption at 3404 cm-1 ascribed to O–H stretching vibration was observed, 

and the C=O stretching of COOH groups situated at the edges of GO sheets was observed at 

1740 cm-1. The absorption at 1422 cm-1 may be due to tertiary C–OH groups. The absorption 

band at 1023 cm-1 is attributed to stretching vibrations of C-O groups, while the band at 1623 

cm-1 is attributed to C=C stretching vibrations as part of the ring breathing mode in the GO 

skeleton [51, 52]. By contrast, for the rGO-Co3O4 NPs, the band O-H was shifted to 3424  cm-

1, while the skeletal vibration band C=C at 1623 cm-1 was shifted to 1627 cm-1. Moreover, the 

stretching band C=O at 1740 cm-1 disappeared, indicating that GO was reduced to rGO during 

the chemical reduction with cobalt chloride and NaBH4 [34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: FTIR spectra of GO (red) and rGO-Co3O4 NPs (blue). 
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Figure 4.9: SEM images of the GO (A) and rGO-Co3O4 NPs (B, C). 

 

Morphologies and microstructures of the as-prepared samples were investigated by FESEM 

(Figure 4.9). In FESEM images aggregated and crumpled sheets was observed and consisted 

of many graphene sheets.  

The TEM images of the rGO-Co3O4 nanocomposite are presented in Figure 4.10A. They show 

small Co3O4 NPs, with a diameter in the range 1.5–2.5 nm, i.e. slightly smaller than that 

deduced from XRD spectrum (5 nm). This is opposite to what is usually observed, because the 

size of coherently diffracting domains derived from XRD is usually smaller than the 

nanoparticle size as observed by TEM [53]. This could mean that the broadening of the 

diffraction peaks as observed in XRD pattern is also due to the presence of micro-strains in the 

nanoparticles [54].   

A B 

C 
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Figure 4.10: TEM images of the rGO-Co3O4 nanocomposite, HRTEM image of Co3O4 

nanoparticles (Inset) lying on rGO sheets. General view and zoom on Co3O4 NPs (A) SAED 

pattern of randomly oriented Co3O4 NPs (B). 

Figure 4.10B is a SAED pattern of the composite. It shows diffraction rings attributed to (111), 

(220), (311), (400), (511) and (440) planes of Co3O4, in agreement with XRD results. These 

particles anchored on the graphene sheets surface, implying a strong interaction between 

graphene and Co3O4.  The inter-planar distance between adjacent planes is 0.47 nm, which 

corresponds to the interplanar spacing of (111) plane of Co3O4.  

Figure 4.11 shows EDX analysis of the rGO-Co3O4 nanocomposite. The spectrum indicates 

that the as-synthesized rGO-Co3O4 NPs composites contain only cobalt, carbon, and oxygen, 

in agreement with the chemical composition of the nanocomposite. Some of the carbon signal 

originates from the carbon grid on which is deposited the sample for TEM observation. 

 

 

 

 

 

 

 

 

Figure 4.11: EDX analyses of the rGO-Co3O4 NPs. 
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Thermal gravimetric analysis (TGA) of rGO-Co3O4 nanocomposite was performed using a 

TGA/differential thermal analysis (DTA) analyzer. TG/DTG profiles of rGO-Co3O4 

nanocomposite as a function of temperature at the heating rate of 10°C min-1 are shown in 

Figure 4.12. The TG and DTG curves indicate that the decomposition of the nanocomposite 

proceeds in two main stages. The first one is the loss of H2O at about 100°C. The second weight 

loss occurs between 100 and 320°C is assigned to the removal of oxygenated functional groups 

as CO and CO2 from rGO [36, 55]. A total weight loss of 11.73 wt% was observed in this 

temperature range. The reaction may have occurred according to equations (1)–(3).  

Co3O4 + C               3Co +CO                                       (1) 

Co3O4 + CO              3CoO + CO2                                (2) 

rGO                 Graphene                                                (3) 

 

When the temperature was increased higher than 200°C, the reduction reaction of rGO-Co3O4 

occurred following equations (1)-(3). Above 300°C, the TG and DTG curves are nearly stable 

without significant changes, suggesting that the composite is thermally stable.  

 

 

 

 

 

 

 

 

Figure 4.12: Thermogravimetric analysis (TGA) of rGO-Co3O4 nanocomposite. 

 

For comparison, we have recorded the TGA/DTG curves of rGO (prepared by GO reduction 

using NaBH4 at room temperature. Figure 4.13A reveals two well-defined steps of mass loss. 

The first step, which involves a 10wt % mass loss at 100°C, corresponds to the evaporation of 

water and volatile molecules. Between 100 and 980°C, an additional mass loss related to 

oxygenated groups was observed, due to pyrolysis of the carbon structure of the rGO film.  
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Figure 4.13: Thermogravimetric analysis (TGA) of rGO (A) and rGO-Co3O4 nanocomposite 

(B). 

By comparing TG and TGD of rGO-Co3O4 nanocomposite with the curve of rGO (Figure 4.13 

B), one clearly sees that higher mass loss took place in rGO films than in rGO-Co3O4 

nanocomposite especially above 300°C. The improvement in thermal stability may be 

attributed to the so-called ‘‘tortuous path’’ effect of graphene, which delays the permeation of 

oxygen as well as the escape of volatile degradation products and at the same time promotes 

the char formation. These results demonstrate that the layered stacking graphene with cobalt 

oxide nanoparticles is capable of increasing the thermal stability of the composite [33, 36].  

The magnetic properties of rGO-Co3O4 nanocomposite were investigated at different 

temperatures (Figure 4.14). The rGO-Co3O4 NPs hybrid exhibits typical ferromagnetic 

behaviour with a saturation magnetization (Ms) of 0.1 emu.g-1 and a hysteresis of 115 Oe at 

300 K (27°C), as shown by the magnetic hysteresis loop in Figure 4.14A. The coercive force 

increases as the temperature is decreasing, to 495 Oe at 2 K; similarly, the saturation 

magnetization (Ms) increased to 40 emu.g-1 (Figure 4.14B). This saturation magnetization 

value facilitated the recycling of the nanocatalyst by a low energy-saving magnetic separation 

process. 

 

 

 

 

 

(A) 
(B) 
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Figure 4.14: Magnetic hysteresis loop of rGO-Co3O4 nanocomposite at 300 K (A) and 

magnetic hysteresis loop at 2K (red) and 4K (dark) (B). 

4.5. Applications 

4.5.1. Catalytic reduction 4-nitrophenol  

The catalytic activity of the rGO-Co3O4 nanocomposite was examined for the reduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of excess NaBH4. This catalytic 

reduction has been commonly used as a model reaction to evaluate the catalytic performance 

of metal or metal oxide nanoparticles (Figure 4.15).  

 

 

 

 

 

 

Figure 4.15: Schematic illustration of the reduction of p-nitrophenol by NaBH4 with rGO-

Co3O4 nanocomposite as a catalyst. 

 

Typically, two stock aqueous solutions of 0.1 mM of 4-NP and 0.1 M NaBH4 were prepared. 

Then a mixture of 3 ml of 4-NP and 0.5 ml of NaBH4 was prepared from the stock solutions. 
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During this process, the color changed from light yellow to yellow-green because nitrophenol 

was converted to nitrophenolate anion by NaBH4 (Figure 4.15). To this mixture, 100 µl of 

rGO-Co3O4 nanocomposite (0.5 mg.ml-1) catalyst was added at room temperature; the yellow-

green color disappeared. The change of this reaction was monitored by UV-Vis spectroscopy.  

The UV-vis absorption spectrum of 4-NP displays an absorbance peak at 317 nm (Figure 4.16, 

black curve), which shifts to 400 nm in the presence of NaBH4 due to the formation of 4-

nitrophenolate ions, corresponding to a color change from light yellow to yellow-green due to 

the formation of p-nitrophenolate ions [56-59] (Figure 4.16, red curve). In absence of catalyst 

rGO-Co3O4 NPs, the peak due to 4-nitrophenolate ion at 400 nm remains unaltered even during 

a couple of days [60, 61]. Thus, the conversion of 4-NP to 4-AP can be followed by monitoring 

the decay of the characteristic absorption peak of 4-nitrophenoxide at 400 nm.  

The intensity of the absorption peak at 400 nm gradually decreases as the reaction proceeds, 

indicating the reduction of the -NO2 group of p-nitrophenol to -NH2 group (Figure 4.16, blue 

curve) [60], and finally disappears at its completion after 1 min. Meanwhile, a new peak 

appears at 300 nm that gradually increases, revealing the reduction of 4-NP to 4-aminophenol 

(4-AP) successfully catalyzed by the multifunctional nanocatalyst.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: UV–visible spectra of 4-NP (a), nitrophenolate ion (b) and aminophenol (c) 

after adding 100 µl of rGO-Co3O4 nanocomposite (0.5 mg.ml-1). 
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The recyclability of catalysts is an important factor for a more economical process. Thus 

recycling catalysis experiments were conducted. Similar to the above reduction process, a 

given amount of the as-prepared rGO-Co3O4 nanocomposite (0.5 mg.ml-1) was used to catalyze 

4-NP (0.1 mM) reduction by NaBH4 (0.1 M). At the end of the reaction, the catalyst was easily 

separated from the reaction medium using a magnet (1 Tesla) (Figure 4.17) and the supernatant 

was measured using UV-vis spectroscopy. The same procedure was repeated at least ten times 

in order to explore the reusability and activity of the nanocatalyst. The efficiency of the as-

prepared rGO-Co3O4 catalyst in repeated cycles of reaction is exhibited in Figure 4.18. The 

result shows that the rGO-Co3O4 nanocatalyst maintains a high performance for ten cycles. 

This means that the catalytic of rGO-Co3O4 NPs has a good stability and activity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Photograph images of the catalytic reduction of 4-NP to 4-AP using rGO-Co3O4 

nanocomposite as catalyst and its separation at the end of the process using a magnet. 
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Figure 4.18: The performance of rGO-Co3O4 nanocomposite after ten catalytic cycles. 

 

We can consider that the decreasing time for the reduction of 4-NP to 4-AP by using rGO- 

Co3O4 NPs nanocomposites is attributable to the following factor: rGO sheets have high 

adsorption ability toward p-nitrophenol via π-π stacking interactions [61]. This provides a high 

concentration of p-nitrophenol near the Co3O4 nanoparticles on rGO, leading to an efficient 

contact between them [62]; and the electron transfer from the graphene to Co3O4 nanoparticles 

increases the local electron concentration, facilitating the uptake of electrons by 4-NP 

molecules [63]. 

4.5.2. Treatment of wastewater using graphene/nanomaterials 

In the environmental pollution remediation area, many graphene and magnetic graphene 

nanomaterials have been used as adsorbents for heavy metal ions and organic pollutants [64], 

while several transition metal oxide-graphene hybrids have been used for the degradation of 

toxic organic pollutants [65]. Hybridization of  graphene with metal or metal oxide 

nanoparticles not only improves its pristine properties, but also introduces some specific 

functional groups or functional nanomaterials on the surfaces of graphene layers [66]. For 

instance, graphene oxide (GO) possesses several functional groups and strong acidity, 

exhibiting high adsorption for basic compounds and cations while reduced graphene oxide 

(rGO) shows hydrophobic surface and presents high adsorption capacity for chemicals through 

strong π-π interactions [67]. Modification of GO or rGO with metal oxides or organics can 

produce various nanocomposites, enhancing adsorption capacity and separation efficiency 

[68].  
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The pollutants (mainly heavy metal ions and organic dyes) in wastewater that strongly threaten 

human, animals and plants, GO/rGO-based composites typically show strong binding with 

these pollutant species, as summarized in Table 4.3. 

Table 4.3: Adsorption capacities of heavy metal ions and organic contaminants from 

wastewater 

Adsorbent Adsorbate  Adsorption 

capacity (mg.g-1) 

Condition Ref. 

2,6-Diamino pyridine-

RGO 

Cr(VI)  393.7  C0 500 mg.L-1 [69] 

PPY-GO  Cr(VI) 497.1 pH = 3.0 [70] 

PANI-GO  Cr(VI) 1149. 4 pH = 3.0; T 298 K [71] 

PPY/Fe3O4 Cr(VI) 243.9 pH = 2.0 ;T 298 K [72] 

Ni-rGO Cr(VI) ≥98%,4 min 

Cr =0.37 mM 

pH = 2.0 ;T 298 K [73] 

PEI-GO Cr(VI) 539.53 pH = 2.0 ;T 298 K [74] 

Fe3O4@mTiO2@GO Cr(VI) 117.94 pH = 2.0 ;T 303 K [75] 

Graphene sand 

composite 

Cr(VI) 2859.38 pH = 1.5 ;T 298 K [76] 

MCGN Cr(VI) 120 pH = 3 ;T 298 K [77] 

CCGO Cr(VI) 67.66 pH = 3 ;T 298 K [78] 

G-nZVI 

ZVI(zero valent iron) 

Cr(VI) 162 pH = 3 ;T 323 K [79] 

GO  Methylene blue  714  pH = 6.0; T 298 K [80] 

RGO  Methylene blue  158  T 283 K [81] 

MCGO  Methylene blue  179.6  pH =10.0 [82] 

Fe3O4/SiO2–GO  Methylene blue  97  T 298 K [83] 

EGO  Methylene blue  

Methyl violet 

Rhodamine B  

17.3  

2.47  

1.24  

pH = 10.0  

pH = 6.0  

pH = 6.0 

[84] 
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Adsorbent Adsorbate  Adsorption 

capacity (mg.g-1) 

Condition Ref. 

Fe3O4–RGO  Rhodamine B  

Rhodamine 6G   

Acid blue92   

Orange(II)  

Malachite green   

̴ 50 

̴ 30 

̴ 90 

̴ 90 

̴ 50 

----- [85] 

Magnetic Fe2O4–RGO  Rhodamine B  22.5  pH =7.0  [86] 

Fe3O4/RGO Rhodamine B 296.2 pH=5.30; T 298 K  [87] 

SnS2/rGO Rhodamine B 94.07 T 298 K [88] 

GO/PEI Rhodamine B 

Methylene blue 

131.926 

334.448 

T 298 K [89] 

GO/Fe3O4 Rhodamine B 

Methylene blue 

30.21 

20.24 

T 298 K [90] 

HNTs@rGO Rhodamine B 

 

45.4 mg.mg-1 T 298 K [91] 

(α-Fe2O3)-PVP@ rGO Rhodamine B ≥89.8%,120 min T 298 K [92] 

TiO2/ZnO–NH2-rGO Methyl orange 

(MO) 
40 , ≥45%,10 min 

 

T 298 K [93] 

rGO/Ni/MMO Methyl orange 

(MO) 

210.8 T 298 K [94] 

rGO−CNT−PPD Methyl orange 

(MO) 

294 pH=3; T 298 K [95] 

 

Wastewater from many industries, such as metallurgical, mining, chemical manufacturing, and 

battery manufacturing industries, contain many kinds of toxic heavy metal ions [75]. 

Chromium and its compounds are widely used in industries such as the electroplating, mining 

operation, leather tanning and pigment manufacturing and so on [96]. In aqueous solution Cr 

exists both in trivalent Cr(III) and hexavalent Cr(VI) forms. Trivalent chromium is considered 

as an essential micronutrient for human, plant and animal metabolism and less toxic than 

Cr(VI), which is extremely mobile in the environment and very toxic, carcinogenic and 

mutagenic to living organisms [97]. It can cause liver damage, pulmonary congestions, and 

severe diarrhea. Even at low concentrations, Cr(VI) can cause harm to the human body, due to 

bioaccumulation through the food chain. Actually, the discharge limit of Cr(VI) was restricted 

to be only 0.05 mg L−1 by the U.S.EPA, while the discharge limit of the total Cr [Cr(VI), Cr(III) 

and other forms of them] is regulated to 2 mg L−1 [72]. Waste matter from certain industries 
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often contain values higher than those and therefore, it is necessary to reduce the Cr(VI) 

concentration to acceptable level before discharging into the environment.  

A number of technologies to remove Cr(VI) have been developed, including electro-chemical 

precipitation [98, 99], reverse osmosis [100, 101], ion exchange [102, 103], and adsorption [70, 

72-75, 104, 105]. Among these, reverse osmosis, ion exchange, electrodialysis and electrolysis 

are costly technologies. Adsorption is a fast, inexpensive and widely applicable technique. 

Moreover, it is universal in nature as it can be applied for the removal of soluble and insoluble 

contaminants and biological pollutants with removal efficiency of 90-99%. For that, adsorption 

has become by far the most versatile and widely used technology [106]. 

Recent reports have shown that GO/rGO-based composites have excellent adsorption ability 

for aqueous heavy metals and thus can be used as promising adsorbents for water purification. 

Various heavy metals have been successfully treated by GO/rGO-based composites as shown 

in the Table 4.3, including Cr(VI). 

Additionally, it has been reported that, if graphene oxide (GO) is modified with magnetic 

materials, it is possible to obtain new materials simultaneously possessing the unique properties 

of GO (large surface area and good mechanical properties) and magnetic properties for easy 

separation. For example, magnetic β-cyclodextrin/graphene oxide nanocomposites (MCGN) 

have been successfully used in environmental remediation as adsorbents for Cr(VI) removal 

from wastewater [77]. The result showed that MCGN was extremely fast for Cr-removal from 

wastewater with high removal efficiency within 60 min. The Cr-removal capability was more 

than 120 mg.g-1. The MCGN was stable and easily recovered. The adsorption isotherms were 

investigated, and indicate that the equilibrium adsorptions are well-described by the Langmuir 

isotherm mode and higher adsorption capacity was achieved for solutions with relatively low 

pH values [77]. 

On the other hand, novel Fe3O4@mTiO2@GO microspheres, synthesized by immobilizing a 

mesoporous TiO2 shell on the surface of magnetic Fe3O4 nanoparticles prior to binding with 

GO, were applied for the removal of Cr(VI). It was shown that the sorption of the microspheres 

for Cr(VI) was strongly dependent on pH value and contact time.  
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Figure 4.19: Effect of pH on the adsorption of Cr(VI) on Fe3O4@mTiO2@GO. The 

concentration of Fe3O4@mTiO2@GO was 1.0 g L-1. The initial Cr(VI) ion concentration was 

100 mg L-1. The contact time was 40 min. The temperature was 303 K [75]. 

 

It is known that the initial pH would govern the surface charge of the adsorbent and metal ions. 

It can be seen from Figure 4.19 that the adsorbent has a maximum adsorbing capacity when 

the pH is 2.0. At lower pH, Cr(VI) mainly exists in the form of negatively charged HCrO4
- and 

they can be absorbed by positive charges through electrostatic attraction. The adsorbent showed 

a good performance in adsorption during the first 40 min, and the adsorbing capacity was not 

enhanced obviously with increasing time. As a Cr-removal adsorbent, the maximum Cr-

removal capability of microspheres was 117.94 mg g-1 [75]. 

Decorating the surface of graphene sheets with nanoparticles (NPs) is one of the recent 

approaches taken up by scientists all over the world. Because of this kind of electronic 

environment, NPs present on RGO surface are rarely oxidized to a higher oxidation state. Also, 

the high surface area of RGO prevents the NPs from agglomerating into larger particles [73].   

Bhowmik et al. [73] reported a reduction of toxic Cr(VI) to nontoxic Cr(III) using formic acid 

as a reducing agent at room temperature in the presence of Ni NPs stabilized by reduced 

graphene oxide (Ni-RGO). In the presence of Ni-RGO the absorption bands of Cr2O7
2− decrease 

rapidly and disappear within 4 min of reaction (Figure 4.20). 
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Figure 4.20: UV-visible spectral evolution with time during the reduction of Cr2O7
2− by 

formic acid at 25°C in the presence of Ni-RGO [73]. 

 

Ni-RGO is found to be very active ≥98% on Cr(VI) reduction at pH = 2 at 25°C. The authors 

found that Ni-RGO facilitates the formic acid-induced Cr(VI) → Cr(III) reduction at room 

temperature with a very high rate constant value and can be recycled with its original activity. 

Ni-RGO is very cost-effective compared to Pd NPs, which are not only costly but also need 

high temperature to reduce Cr(VI) to Cr(III) [73]. 

Dubey et al. synthesized graphene sand composite (GSC) from sugar and sand using green 

chemistry approach and adsorption of Cr(VI) ions from aqueous solution was studied by batch 

adsorption technique under varying experimental conditions like contact time, pH, adsorbent 

dose, initial Cr (VI) concentration and temperature. The GSC shows very high adsorption 

capacity due to the large number of active sites present on the adsorbent surface as well as a 

variety of functional groups. Furthermore, the increase in number of Cr(VI) ions in the solution 

for a fixed amount of adsorbent results in a higher metal ion concentration which provides an 

important driving force to over-come all mass transfer resistances of the pollutant between the 

aqueous and solid phases, thus increasing the metal ions uptake. The adsorption capacity 

increases with increasing temperature in the case of the endothermic reactions. It decreases 

with temperature when the reaction is exothermic. The endothermic adsorption of Cr(VI) ions 

on the GSC appears to be an uncommon behavior. 

The results clearly reveal that maximum adsorption of Cr(VI) is obtained at acidic pH, which 

may be due to the fact that in the aqueous solution several forms of Cr(VI) ions exist such as 
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chromate (CrO4
2−), dichromate (Cr2O7

2−) and hydrogen chromate (HCrO4−). These forms of 

Cr(VI) ion are related to pH of the solution and total chromate concentration. When the pH is 

lower than 6.8, the dominant species are HCrO4− ions, while above 6.8 only CrO4
2− ions are 

stable [76]. The optimum adsorption of Cr(VI) by the adsorbent was observed at pH 1.5. The 

maximum adsorption capacity of GSC for Cr(VI) was found to be 2859.38 mg/g at room 

temperature [76]. 

As a result for all the lectures, it is highly desirable to develop new adsorbent materials with 

high specific surface area, highly porous character, multiple adsorption sites and relatively low-

cost and chemical stability in extreme conditions for high adsorption of Cr(VI) at room 

temperature. 

Dyes are important water pollutants, which are discharged from many sources such as printing, 

textile, dyeing, paper and pulp, tannery and paint industries. The presence of dyes in water can 

cause problems to aquatic life and some dyes are toxic to human life [107]. Most dyes are 

dissolved and present as either cationic or anionic ions, and few are dispersive. The cationic 

dyes included methylene blue (MB), rhodamine B (RhB), malachite green (MG), methyl violet 

(MV) and rhodamine 6G (R6G), and the anionic dyes consist of methyl orange (MO) and rose 

Bengal [65]. One of the most difficult tasks confronted by the wastewater treatment plants of 

textile industries is the removal of the color of these compounds, mainly because dyes and 

pigments are designed to resist biodegradation, such that they remain in the environment for a 

long period of time [108]. Accordingly, traditional biological or chemical oxidation methods 

are difficult to remove them from wastewater. Simultaneously, dyes are always highly soluble 

in water, rendering them hard to be dealt with by precipitation or flocculation.  

From an environmental point of view, the treatment and disposal of organic dyes are of great 

concern. Therefore, cost-effective method are still urgently demanded to remove coloured 

substance from wastewater. Adsorption is an effective and classic depth processing in the field 

of wastewater treatment, by which a substance at the interfacial layer of the adsorbent would 

accumulate owing to the operation of surface forces. Adsorption has such merits as a low 

invest-cost, simplicity of design and operation, and no discharge of harmful substances [87]. 

Despite its short development history, GO/rGO -based composites has been used to treat 

different types of dyes (see details in Table 4.3). Due to ionic forms of dye molecules in water, 

major interaction attributed to dye adsorption on GO/rGO is cationic-anionic force. Also 

GO/rGO-based composites can be good adsorbents for cationic and anionic dyes through π-π 

stacking interactions [65]. For example, we will discuss some reports on rhodamine B (RhB) 
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and methyl orange (MO), two model systems of organic pollutants, removal using GO/rGO-

based composites from aqueous solutions. 

RhB, being a well-known water tracer fluorescent and a colorant in textiles, is highly water 

soluble, non-volatile, and bright reddish violet in color. However, it is a hazardous organic 

compound in the environment. Thus, it is considered worthwhile to develop a simple method 

to treat effluents containing RhB for the protection of water sources and the environment. 

Bian et al. reported a one-pot synthesis of SnS2/rGO nanocomposites via in situ reduction of 

graphene oxide (GO) by Sn2+ under hydrothermal conditions [88]. The adsorption 

characteristics of the SnS2 rGO nanocomposites were examined using RhB as adsorbate in a 

conical flask at room temperature. The result shows that, in the initial 5 min, the concentration 

of RhB decreased by 90% for SnS2/rGO nanocomposites with a maximum adsorption capacity 

qmax of 94.07 mg/g, while only 68% and 45% for pristine rGO and SnS, respectively. However, 

the application is often limited due to the difficulty in removing the suspended graphene from 

water after the adsorption, which may increase the cost of industrial application and/or cause 

the treated water to be re-polluted. It is well known that magnetic separation provides a rapid 

and effective way for removing and recycling magnetic particles/hybrids by applying an 

appropriate external magnet [88]. 

For that matter, wide development has been made to introduce permanently anchored magnetic 

nanoparticles to GO or rGO nanosheets. For illustration, Geng et al. have synthesized RGO–

Fe3O4 NPs by hydrothermal method. The results show that, benefiting both from the surface 

property of RGO and from the magnetic property of Fe3O4, the hybrid possesses quite a good 

and versatile adsorption capacity to the dyes under investigation, and can be easily and rapidly 

extracted from water by magnetic attraction. The adsorption performance of this hybrid has 

been tested on a series of dyes, such as RhB, R6G, AB92, OII, MG and NC. The result clearly 

shows that, the adsorption performance of the hybrid exhibits satisfactory tolerance against the 

variations in pH conditions/dye concentrations. Furthermore, the versatility of this RGO–Fe3O4 

hybrid adsorbent for various dyes’ adsorption and removal was further demonstrated. It was 

found that by simply annealing under moderate conditions, this hybrid adsorbent can be easily 

and efficiently regenerated for reuse without compromising its high adsorption capacity [85]. 

Jiao et al. reported on the facile preparation and dye removal efficiency of nanohybrid 

composed of GO/Fe3O4 nanoparticles. Two cationic dyes, methylene blue (MLB) and RhB, 

and one anionic dye, methyl blue (MB), were investigated as organic pollutants. The results 
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showed an impressively high removal rate for MLB, which reaches above 95% within only 30 

min and the removal rate for RhB can also reach above 80%, while MB removal rate was less 

than 40% under the same conditions. Moreover, the magnetic properties of the nanohybrid 

make easy separation and adsorbent recycling as shown in Figure 4.21 [90]. 

 

 

Figure 4.21: Photographs of dye solutions (20 mg·L−1) before (I) and after (II) adding Fe3O4 

multifaceted nanoparticles or (III) adding GO/Fe3O4 nanohybrid. Percent dye removal rate 

was determined after 12 h adsorption with constant shaking [90]. 

 

 

Methyl orange (MO) is an azo dye (anionic dye) widely used in foodstuff, dying and printing, 

leather and pharmaceutical industries, as a pH indicator, research laboratories, textile, etc may 

result in its release to the environment through various waste streams [109]. It is also known 

as C.I. Acid Orange 52, C.I. 13025, helianthine B, Orange III, Gold orange, and Tropaeolin D 

[110]. Although MO is not highly hazardous, it can cause some harmful effects. Acute exposure 

to MO can cause increased heart rate, vomiting, shock, cyanosis, jaundice, quadriplegia, and 

tissue necrosis in humans. However, the release of MO and the products related to the 
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environment have caused serious pollution problems [111]. Thus, the removal of MO from 

wastewaters and effluents is very important because of its potential toxicity to humans and 

environment. For these reasons, the use of various adsorbents for removing MO is gaining 

increasing attention. For example, Yang et al. have synthesized, by calcining graphene oxide 

(GO)/layered double hydroxide (LDH) hybrid in nitrogen atmosphere, a magnetic hybrid 

nanomaterial rGO/Ni/MMO (reduced graphene oxide, zero-valent nickel, and NiAl-mixed 

metal oxide) [94]. This magnetic hybrid nanomaterial exhibits excellent adsorption ability 

toward MO in aqueous solutions. The result shows that the adsorption amount of MO increases 

with time, and the color has changed after the addition of the adsorbent, as shown in Figure 

4.22. The adsorption is quite rapid in the initial 60 min, and the adsorption rate becomes slower 

until equilibrium is reached at about 16 h. The rGO/Ni/MMO hybrid thus prepared displays 

excellent adsorption ability to MO (210.8 mg.g-1) under the following experimental conditions 

(MO concentration: 100 mg L-1, adsorbent dosage: 1 mg.mL-1, temperature: 25°C) [94]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: Photos showing (a) MO water solution, (b) rGO/Ni/MMO hybrid dispersed into 

MO aqueous solution, and (c) the MO solution turned into light yellow after adsorption and 

the rGO/Ni/MMO hybrid was separated by external magnetic field [94]. 

 

On the other hand, Zhang et al. have successfully prepared a TiO2/ZnO–NH2–reduced 

graphene oxide (TZ-a-RGO) nanocomposite using a facile one-step hydrothermal method. The 

TZ-a-RGO was used as a catalyst to remove MO from wastewater, and the results indicated 

that the catalytic system TZ-a-RGO had the characteristics of fast adsorption and 

photodegradation simultaneously in terms of removal of MO. The removal of MO was obtained 

through a synergistic effect of amine-RGO adsorption and ZnO/TiO2 photocatalysis via the 

adsorption and photocatalytic degradation experiments. The result shows that, 38% dye 

molecules were quickly adsorbed on the surface of TZ-a-RGO after 2 min and the solution 
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reached equilibrium after 10 min, at which 45% MO were adsorbed and the adsorption ability 

to MO was determined to be 40 mg.g-1 [93]. 

Based on the above discussions, the most important parameters in dye adsorption technology 

is the initial concentration of the dye and the dose of adsorbent, and high efficiency over a wide 

range pH. 

Finally, among all the reports, adsorption technology is one of the most effective methods for 

dye removal due to its low cost, high efficiency, simplicity, easy to perform, and insensitive to 

toxic substances. However, these conventional treatment technologies have a common 

drawback that they are unable to completely remove the toxic organic and inorganic pollutants 

from wastewater, causing secondary pollution which is economically unfeasible. For that, the 

magnetic adsorbent will be the best one, because it allows removal of toxic organic and 

inorganic pollutants (dyes, Cr (VI) ,.…) and the adsorbent itself from water. 

In this section, we will take benefit of the high surface area and the magnetic properties of 

rGO-Co3O4 nanocomposite for Cr(VI) removal from aqueous solutions. 

4.5.3. Chromium Cr(VI) removal from aqueous solution by rGO-Co3O4 

nanocomposite 

4.5.3.1. Adsorption experiments 

We prepared a stock potassium dichromate (K2Cr2O7) aqueous solution (500 mg/mL) at 

shaking speed of 200 rpm. Simulated wastewater with different Cr concentrations (25, 50, 100, 

200, 300 and 400 mg/L) were prepared by dilution of the stock K2Cr2O7 standard solution with 

Milliq-water. The pH values of the Cr solutions were adjusted to 3 with 0.1 mol/L HCl aqueous 

solution [70, 72, 77, 78]. After the adsorption processes, rGO-Co3O4 composite was 

conveniently recovered by magnetic separation as shown in Figure 4.23. The photographs 

clearly indicate that after adsorption of Cr(VI) ions, the yellow color of the metal ion solution 

is completely lost, which suggests an almost total removal of chromium ions by the rGO-

Co3O4. To check the effect of Cr(VI) concentration in solution on the removal capacity 

experiment, the as-prepared rGO-Co3O4 composite (2 mg) was dispersed into 2 mL of Cr(VI) 

solution at different Cr(VI) concentrations at pH=3 using a shaking speed of 400 rpm for 12 h. 

The solution was extracted by using a magnet to separate the rGO-Co3O4 and take the 

supernatant for ultraviolet analysis in order to determine the residual concentration of Cr(VI). 

The UV−visible analysis was performed at room temperature (25°C).  
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Figure 4.23: Photographs of (A) the Cr(VI) aqueous solution, (B) Cr(VI) solution with 

the catalyst, and (C) Cr(VI) solution adsorbed by rGO-Co3O4 nanocomposite after 12h . 

 

Figure 4.24 shows the UV-vis spectrum of a Cr(VI) aqueous solution at a concentration of  50 

mg/L in the range of 200−500 nm. It is clearly seen that in the presence of rGO-Co3O4 the 

absorption band of Cr2O7
2− at 348 nm shifts to 367 nm after adding the catalyst. This new peak 

decreases rapidly and disappears within 12 h. Also, as noted previously, the color of the 

solution changes from deep yellow to colorless, confirming the complete adsorption of Cr(VI) 

by rGO-Co3O4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24: UV−visible spectral evolution with time during adsorption of Cr(VI) ions                 

by rGO-Co3O4; Cr (VI) ion concentration: 50 mg/L, adsorbent dosage: 1mg/mL, temperature: 

25°C, pH: 3.0. 
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By testing the absorbance of Cr (VI) aqueous solution with different concentrations, a linear 

relationship between the concentration and the absorbance was established (Figure 4.25). 

 

 

 

 

 

 

 

Figure (4.25): Absorbance of aqueous Cr(VI) solution as a function of aqueous Cr(VI) 

concentrations; adsorbent dosage: 1mg/ml, temperature: 25°C, pH 3.0. 

 

4.5.3.2. Adsorption isotherm 

In this study, rGO-Co3O4 nanocomposite was used to analyse the adsorption behavior of Cr 

(VI), the Langmuir model was used to simulate Cr(VI) adsorption isotherm. If the adsorbent 

has an ideal homogeneous adsorption surface with all the adsorption sites having the same 

sorption energy independent of surface coverage, the Langmuir model will be fitted. The 

removal capacity of Cr(VI) ions is calculated by the following formula [64, 112]. 

Q = (C0 − Ce) V/W 

where V (L) is the initial volume of Cr(VI) solution, W (g) is the mass of the as-prepared rGO-

Co3O4, C0 (mg/L) is the initial concentration of Cr(VI) ions, Ce (mg/L) is the equilibrium 

concentration of Cr(VI) ions, Q (mg/g) is the reduction capacity.  
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Figure 4.26: Adsorption isotherms of Cr(VI) on the rGO-Co3O4 at pH 3.0 (initial 

concentration: 25-500 mg.L-1, adsorbent dosage: 1 mg/ml, pH 3.0, temperature: 25°C, contact 

time: 12 h). 

 

From Figure 4.26, we can see that Cr(VI) ions are favorably adsorbed on the rGO-Co3O4 and 

the maximum adsorption capacity of Cr (VI) attained was 208.8 mg.g-1. The adsorption 

capacity obtained with the rGO-Co3O4 is higher than that obtained with many other adsorbents, 

as shown in Table 4.3. 

We calculated the removal amount of Cr(VI) ions based on a calibration curve made by UV-

Vis spectrophotometer. In order to determine the concentration of Cr(VI) ions, the calibration 

curve was obtained from standard solutions of Cr (0.5, 1, 4, 8–300 mg/L) solution as shown in 

Figure 4.27. 

The pH of the solution is one of the most important variables affecting the adsorption 

characteristics of ionic adsorbate. The relation between the initial pH of solution and the 

adsorption capacity of Cr(VI) is shown in Figure 4.28. It was found that a higher adsorption 

capacity was obtained at a lower solution pH. The effect of solution pH can be explained by 

the surface charge of the adsorbent and the degree of ionization of the adsorbate.  
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Figure 4.27:  Calibration curve for Cr (VI) solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28: Effects of solution pH on adsorption capacity; Cr(VI) ion concentration: 50 mg/ 

L, adsorbent dosage: 1 mg/ml, temperature: 25°C, contact time: 12 h. 

 

Chromium occurs in different anionic forms (i.e., H2Cr2O7, Cr2O7
2-, HCrO4

-, CrO4
2- and 

HCr2O7
-) in aqueous solution, depending on the solution pH and concentration [76]. The 

following equilibria exist in an aqueous solution: 
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H2CrO4↔ H+ + HCrO4
− 

HCrO4
−↔ H+ + CrO4

2− 

2HCrO4
−↔ Cr2O7

2− + H2O 

 

It can be seen from Figure 4.28 that the results clearly reveal that maximum adsorption of 

Cr(VI) is obtained in acidic media. This may be due to the fact that in the aqueous solution 

several forms of Cr(VI) ions exist such as Cr2O7 
2- and hydrogen chromate (HCrO4

−),  which 

are the dominant species in acidic media. In this case, the negatively charged HCrO4
- can be 

adsorbed on the rGO-Co3O4 through electrostatic attraction. The reason is that as a large 

number of H+ ions can neutralize the negatively charged adsorbent surface, thereby reducing 

hindrance to the diffusion of dichromate ions at low pH [113]. With the increase of pH, the 

degree of protonation of the surface decreases gradually and only chromate (CrO4
2−) ions 

remain as stable species in alkaline media. In addition, the attachment of hydroxyl (OH−) 

groups on the absorbent surface in alkaline media can be another possible cause, which 

competes with the adsorption of Cr(VI) ions and leads to the decline of the removal efficiency 

[114]. So when the solution pH is changed, the existing form of Cr(VI) ions will influence the 

uptake capacity of the rGO-Co3O4 for Cr(VI). 

The Langmuir isotherm is used to describe the equilibrium established between adsorbed metal 

ions on the adsorbent (Qe) and metal ions remaining in solution (Ce) at a constant temperature. 

In our research, adsorption isotherms of the type Qe vs Ce was used to verify the isotherm 

model. The equilibrium adsorption data were fitted with Langmuir model by the following 

equation: 

 

 

Where Ce (mg/L) is the equilibrium concentration of Cr(VI) ions, Qe (mg/g) is the amount of 

Cr(IV) ions adsorbed, Qmax (mg/g) is the maximum adsorption capacity of Cr(VI) ions, and b 

(L/mg) is the Langmuir isotherm coefficient. 

A linear fit was applied to obtain the Langmuir isotherm parameters as shown in Figure 4.29. 

Taking into consideration the values of the correlation coefficient as a criterion for goodness 

of fit for the system, the Langmuir model shows better correlation (R2=0.990), which indicates 

that the Langmuir equation represents the adsorption process more ideally. The Langmuir 
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isotherm model gives a maximum adsorption capacity of 222.22 mg. g-1 for Cr(VI), which is 

very close to the experimental value of 208.8 mg.g-1. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: The Langmuir isotherm; Cr(VI) ion concentration: 50 mg/ L, adsorbent dosage: 

1 mg/ml, temperature: 25°C, contact time: 12 h. 

 

In conclusion, we have demonstrated that optimized rGO-Co3O4 composite with a high specific 

surface area and stable superparamagnetic properties exhibits a fast Cr(VI) removal 

performance with a high adsorption capacity. In addition, the equilibrium adsorption process 

was found to follow the Langmuir model suggesting monolayer coverage sorption of Cr(VI) 

on the surface of rGO-Co3O4. The adsorption capacity of rGO-Co3O4 for Cr(VI) ions was 

highly pH dependent, and the adsorption capacity of rGO-Co3O4 for Cr(VI) ions decreased 

with increasing solution pH. Finally, these results evidence that rGO-Co3O4 has a promising 

potential for the removal of heavy metal ions from wastewater.  

4.5.4. Dye removal from aqueous solution 

In order to investigate the removal ability of rGO-Co3O4 nanocomposite of organic dyes in 

aqueous solutions, we have investigated three different dyes (rhodamine B, methyl orange and 

Rose Bengal) at three different concentrations for each dye. For the adsorption experiments, 2 
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mg of rGO-Co3O4 nanocomposite was added to 2 mL of an aqueous solution containing RhB, 

MO or rose Bengal (5, 10 or 15 µM) at room temperature at pH 7.  

Dye removal efficiency was calculated by measuring the dye concentration before and after 

adsorption using UV–Vis spectroscopy. The concentrations of the remnant dye were 

determined by measuring the absorbance of solutions at 554 nm (RhB), 463 nm (MO) and 550 

nm (Rose Bengal), respectively (see Figures 4.30, 4.31 and 4.32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.30: UV-Vis spectra of the original RhB solution (A) 5 µM, (B) 10 µM and (C) 15 

µM before and after adsorbent treatment (1 mg/ml of rGO-Co3O4, 25°C). 

 

 

 

(A) (B) 

(C) 



179 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31: UV-Vis spectra of the original MO solution (A) 5 µM, (B) 10 µM and (C) 15 

µM before and after adsorbent treatment (1 mg/ml of rGO-Co3O4, 25°C). 
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Figure 4.32: UV-Vis spectra of the original Rose Bengal solution (A) 5 µM, (B) 10 µM and 

(C) 15 µM before and after adsorbent treatment (1 mg/ml of rGO-Co3O4, 25°C). 

 

The results indicate that rGO-Co3O4 nanocomposite was very efficient for dye adsorption with 

complete removal within 2, 1 and 2 min for RhB, MO and Rose Bengal, respectively. The 

performance of the rGO-Co3O4 nanocomposite was quite high as compared to other graphene-
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based adsorbents (see Table 4.3) with the benefit of being easily separated by applying an 

external magnet. 

Figure 4.33 displays photos of the adsorption process; the formation of transparent solutions 

upon application of an external magnet (1 Tesla) clearly indicates that the dyes have been 

successfully adsorbed by rGO-Co3O4 nanocomposite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33: Photographs of (A) RhB, (B) MO and (C) Rose Bengal aqueous solutions 

before and after treatment with 1 mg/ml of rGO-Co3O4 nanocomposite. The right photos 

correspond to the solutions of the bottles in the centre upon application of an external magnet 

(1 Tesla). 
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4.5.4.1. Adsorption mechanism 

To gain a better understanding on the important parameters that govern the adsorption process, 

we have applied rGO as adsorbent of RhB, MO and Rose Bengal from aqueous solution 

(Figure 5.34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34: UV-Vis spectra of the original RhB (A), MO (B) and (C) Rose Bengal aqueous 

solutions before and after adsorbent treatment (initial concentration of dyes: 5µM, rGO: 

1mg/ml, T=25°C). 
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Although rGO is efficient for dye removal, the adsorption process was quite longer; it took 20 

min to remove 92% of RhB and 6 min to remove 75 % of MO. However, rGO was not efficient 

for Rose Bengal adsorption with only 8% removal after 50 min. Interestingly, under otherwise 

identical experimental conditions, rGO-Co3O4 nanocomposite removed 96%, 91% and 92% of 

RhB, MO and Rose Bengal after 2, 1 and 2 min, respectively. 

From these results, we can conclude that hybridization of rGO with Co3O4 NPs improved 

significantly its adsorption capacity for all investigated dyes with the big advantage of being 

easily separated by an external magnet. 

The mechanism of dye adsorption is controlled by various factors such as the physical and/or 

chemical properties of the graphene. rGO nanosheets are capable of interacting with a dye 

molecule through π-π conjugation, H-bonding, electrostatic and hydrophobic interactions [111, 

115 ]. Moreover, adsorption strongly depends on the pore structure and surface area as well as 

surface functionality of adsorbents [65]. The surface structure of graphene has a strong 

influence on its adsorption capability. First, the electrostatic forces between the positive charge 

dyes and the negative charged surfaces of rGO and these forces increasing when we introduced 

Co3O4 NPs on the graphene sheets [116] [111]. Moreover, the highly dispersion of  Co3O4 NPs 

over the rGO support results in enhanced surface area and improved porosity and adsorb 

ability. Additionally, we would like to attribute the interaction between the hybrid and dyes to 

π-π conjugation through sp2 carbon instead of binding at the oxygen groups that coming from 

the cobalt oxide [87].  

The result proved that rGO-Co3O4 nanocomposite is an excellent dye adsorbent; it works at 

neutral pH and is very efficient as compared to other adsorbents as in Table 4.3. Moreover, the 

rGO-Co3O4 hybrid is superparamagnetic at room temperature. Therefore it can be easily and 

rapidly extracted from the solution through magnetic separation. 
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Chapter 5 

CONCLUSION AND PERSPECTIVES 

In the last years, graphene has been the most studied material, attracting the attention of the 

entire scientific community for its fascinating physical and chemical properties. Graphene is 

the “thinnest” known material with a long range π-conjugation that exhibits a high specific 

surface area, extraordinary electronic properties and electron transport capabilities, high 

mechanical strength, unprecedented pliability, remarkable optical transparency, as well as 

excellent thermal and electrical conductivities. There is obviously still much work to be done 

to understand the properties of graphene and fully develop its potential. 

In chapter 1, we have summarized the different techniques for the synthesis of graphene and 

its derivatives. According to the classification of the synthetic methods of nanomaterials, 

graphene synthesis can be achieved using “bottom-up” and “top-down” approaches. The 

“bottom-up” approach involves the direct synthesis of graphene from carbon sources using 

chemical vapour-deposition (CVD) or epitaxial growth on SiC, solvothermal reaction, and 

organic synthesis. The “top-down” path uses graphite as a starting material, and includes 

mechanical exfoliation (the scotch tape method), liquid-phase exfoliation, chemical, thermal, 

photothermal or electrochemical reduction of graphene oxide (GO).  

GO reduction by chemical means is one of the most commonly used techniques. Due to the 

toxicity and explosive properties of some of the chemical reductants explored earlier, many 

environmentally friendly and highly-efficient reductants have been developed and used for the 

reduction of GO.  

Moreover, in the field of catalysis, metal nanoparticles are quite efficient, but their performance 

is highly dependent on their dispersion of the active metals. Thus, aggregation of the NPs 

during the catalytic process due to the high surface energies and magnetic properties is the 

main impediment to their development. To solve these problems, the scientific community 

focused on the preparation of low-cost catalysts with high catalytic activity and high specific 

surface area, and Graphene became an ideal substrate for growing and anchoring metal NPs 

with good dispersion due to its high specific surface area and large density of free electrons.  

The work presented here and which deals with the catalytic activity of graphene/metal 

nanocomposites was set in this context.  
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We have developed novel approaches to reduce GO and decorate it with metal or metal oxide 

nanoparticles. The resulting rGO-based nanocomposites have been characterized by a variety 

of different techniques, including SEM, TEM, FTIR, Raman, UV-Vis, XPS, XRD and TGA to 

study their morphology, chemical composition and thermal behaviour. 

First, we have produced rGO/Ag nanoparticles by an easy and environmentally friendly 

chemical method in a two-step process (Chapter 2). We have used arginine (Arg) as a reducing 

agent and silver nitrate as metal precursor. We have shown that, in this novel composite, Ag 

NPs were homogeneously dispersed on the surface of rGO/Arg. Furthermore we have 

demonstrated that the catalytic activity of the as-prepared  rGO/Ag NPs composite is highly 

enhanced compared to previously developed rGO/Ag nanocomposites for the reduction of 4-

nitrophenol to 4-aminophenol with a full reduction in less than 1 min at room temperature. This 

value is small and efficient compared with other reports which used metal (Ni, Co, Au, SiO2, 

Fe3O4) supported Ag NPs with graphene.   

In chapter 3, we have developed a novel approach for the synthesis of reduced graphene oxide 

decorated with nickel nanoparticles (rGO/Ni NPs) by a simple chemical reduction of GO with 

nickel chloride at 100°C for 24 h. The catalytic activity of the rGO/Ni NPs was evaluated for 

the reduction of 4-nitrophenol to 4-aminophenol. A full reduction of 4-nitropheneol was 

observed after 5 min using NaBH4 as reducing agent at room temperature. This value is small 

and efficient compared with other reports which used metal (Ag,Pt) supported Ni NPs with 

graphene.    

Chapter 4 deals with a novel, one-step, easy, low-cost, and simple method to prepare 

Co3O4/rGO nanocomposite using a mixture of GO, a cobalt salt, and NaBH4 as reducing agent 

at room temperature. We have shown that the Co3O4/rGO nanocomposite displays a good 

catalytic performance for the reduction of 4-NP into 4-AM with a conversion time of 1 min. 

Also, Co3O4/rGO displayed high adsorption capacity for organic dyes. The rGO-Co3O4 

nanocomposite removed 96%, 91% and 92% of RhB, MO and Rose Bengal after 2, 1 and 2 

min, respectively. These results were fast and highly-efficient compared with other reported 

data.  Moreover, the maximum adsorption capacity of Cr (VI) was 222.2 mg. g-1, which is very 

close to the experimental value of 208.8 mg.g-1.  This value is higher (or comparable) to 

previously reported data. Finally, the rGO/Co3O4 nanocomposite has been used as a superior 

heterogeneous catalyst for one-pot oxidative esterification of aldehydes to methyl esters [1].  
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More work remains to be done to improve the properties and facilitate the practical applications 

of rGO composites as well as broaden their application fields in the future. The three 

nanocomposites could be used for nonenzymatic sensing of glucose and hydrogen peroxide 

(H2O2). Also, they could be applied as drug delivery systems by using functional rGO/metal-

metal oxide nanocomposites as nanocarrier. The nanocarrier system can be synthesized by 

attaching drugs to rGO/metal-metal oxide nanocomposites via strong π–π stacking interaction, 

followed by encapsulation of rGO/metal-metal oxide nanocomposites with folic acid 

conjugated chitosan. Moreover, and because of the magnetic properties, especially (rGO-

Co3O4), we could control the drug delivery at a specific place. 

 Furthermore, the rGO-Co3O4 nanocatalyst could be used to degrade Orange II, methylene blue 

(MB) or other dyes from water via advanced oxidation processes. They could also be good 

candidates as electrode materials for supercapacitors or lithium-ion batteries. 

Finally, the high electrocatalytic activity of rGO/metal oxide nanocomposites for hydrogen 

evolution reaction is under investigation and the preliminary results are very encouraging. 

Additionally to this work on photocatalysis, we have successfully synthesized ZnO nanorods 

by a wet chemical method and annealed under high pressure water vapor (HWA) at a pressure 

of 1.3 to 3.9 MPa and at 2.6 MPa. We have shown that the HWA annealed nanorods exhibited 

a much higher UV luminescence band compared with that induced by air annealing at the same 

temperature (260°C). We could demonstrate that HWA-annealing induces a less defective ZnO 

layer, and also generates the growth of a new thin ZnO layer of higher quality at the nanorods 

surface. The surface of the nanorods is therefore reconstructed [2]. 

 

[1] Jain SL, Panwar V, Al-Nafiey A, Addad A, Sieber B, Roussel P, et al. Magnetic 

Co3O4/reduced graphene oxide nanocomposite as superior heterogeneous catalyst for one-pot 

oxidative esterification of aldehydes to methyl esters. RSC Advances. 2015. DOI: 

10.1039/C5RA14665H. 

[2]  Amer Al-Nafiey , B. Sieber ,B. Gelloz , A. Addad , M.Moreau , J. Barjon, M. Girleanu, O. 

Ersen and R. Boukeherroub . Enhanced Ultraviolet Luminescence of ZnO Nanorods Treated 

by High-Pressure Water Vapor Annealing (HWA). Under review in (The Journal of Physical 

Chemistry C (ACS Publications)) - Manuscript ID 2015-09201y-jp). 
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Appendix 

EXPERIMENTAL PART 

1. Chemicals 

All chemicals were reagent grade or higher and were used as received unless otherwise 

specified. Graphite powder (< 20 micron), potassium permanganate (KMnO4), sulphuric acid  

(H2SO4), phosphoric acid (H3PO4), hydrogen peroxide (H2O2), dimethylformamide (DMF), L-

arginine (C6H14N4O2), silver nitrate (AgNO3.6H2O), nickel chloride (NiCl2.6H2O), cobalt 

chloride (CoCl2.6H2O), sodium borohydride (NaBH4), 4-nitrophenol (C6H5NO3), potassium 

dichromate (K2Cr2O7), rhodamine B (RhB), methyl orange (MO), rose Bengal dye, ethanol, 

and hydrochloric acid (HCl) were purchased from Sigma-Aldrich. Silicon wafers were 

purchased from Siltronics.  

 

2. Preparation of graphene oxide (GO) 

The schematic of graphene oxide (GO) synthesis is depicted in Figure 1. GO was prepared by 

oxidizing graphite powder using a modified Hummer’s method. The GO is heavily oxygenated 

with basal and edges planes mainly occupied by C=O, C-OH and COOH groups. 

A 9:1 mixture of concentrated H2SO4/H3PO4 (90:10 mL) was added to a mixture of graphite 

flakes (0.75 g) and KMnO4 (4.85 g). The reaction was then heated to 50°C and stirred for 12 h. 

The reaction was cooled to room temperature and poured into ice (100 mL) with slowly adding 

30% H2O2 (0.75 mL). The solid product was separated by centrifugation. It was first washed 

with 30% HCl (2 times), secondly washed with 5% HCl solution (3-5 times) until the sulphate 

ions are removed. Then washed with distilled water repeatedly until it becomes free of chloride 

ions and the pH of the solution is neutral, and finally washed 3–4 times with ethanol. The 

material remaining after this extended multiple-wash process was coagulated with 100 mL of 

ether, and the resulting suspension was filtered over a PVDF membrane with a 0.45 μm pore 

size. The solid GO obtained on the filter was vacuum-dried overnight at room temperature. 

A homogeneous yellow brown suspension (0.5 mg/mL) of GO sheets in water was achieved 

by ultrasonication for 3 h. 
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Figure 1: Schematic of synthesis graphene oxide using a modified Hummer’s method. 

 

3. Instrumentation 

3.1. X-ray photoelectron spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for chemical 

analysis (ESCA). XPS is a surface characterization technique that utilizes X-rays to probe the 

chemical composition and electronic configuration of the elements present on the sample 

surface. The photoelectrons emitted from the material are collected as a function of their kinetic 

energy, and the number of photoelectrons collected in a defined time interval is plotted versus 

kinetic energy. The kinetic energy of the photoelectron depends only on its binding energy in 

the sample. The binding energy is given by the difference between the initial and final states 

after the photoelectron has left the atom. Peaks appear in the spectrum at discrete energies due 

to emission of electrons from states of specific binding energies in the material. The positions 

of the peaks identify the chemical elements in the material.  

The relative concentrations of elements can be determined from the measured photoelectron 

intensities. The positions and shapes of the peaks in an XPS spectrum can also be analyzed in 

greater detail to determine the chemical state of the constituent elements in the material, 

including oxidation state, partial charge, and hybridization. 

XPS experiments were performed on a PHl 5000 VersaProbe-Scanning ESCA Microprobe 

(ULVAC-PHI, Japan/USA) instrument at a base pressure below 5×10-9 mbar. Monochromatic 

Graphite Graphene oxide  
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AlKα radiation was used and the X-ray beam, focused to a diameter of 100 μm, was scanned 

on a 250μm ×250μm surface, at an operating power of 25 W (15 kV). Photoelectron survey 

spectra were acquired using a hemispherical analyzer at pass energy of 117.4 eV with a 0.4 eV 

energy step. Core-level spectra were acquired at pass energy of 23.5 eV with a 0.1 eV energy 

step. All spectra were acquired with 90° between X-ray source and analyzer and with the use 

of low energy electrons and low energy argon ions for charge neutralization. After subtraction 

of the Shirley-type background, the core-level spectra were decomposed into their components 

with mixed Gaussian-Lorentzian (30:70) shape lines using the CasaXPS software. 

Quantification calculations were performed using sensitivity factors supplied by PHI. 

The samples for XPS analysis were prepared by casting 50 μL aqueous or ethanol suspension 

of GO, rGO, rGO/Ag, rGO/Ni or rGO/Co3O4 on a clean silicon wafer surface followed by 

drying in an oven at 80°C to make sure the solvent was removed. 

3.2. Fourier-transform infrared (FTIR) spectroscopy 

The vibrational motions of the chemically bound constituents of matter have frequencies in the 

infrared regime. The oscillations induced by certain vibrational modes provide a means for 

matter to couple with an impinging beam of infrared electromagnetic radiation and to exchange 

energy with it when the frequencies are in resonance. Infrared spectroscopy is based on the 

phenomenon of infrared absorption by molecular vibrations. When a molecule is irradiated by 

electromagnetic waves within the infrared frequency range, one particular frequency may 

match the vibrational frequency of the molecule. Consequently, the molecular vibration will 

be excited by infrared frequency causing the energy of molecular vibration to increase. In the 

meantime, the electromagnetic radiation with a specific frequency will be absorbed by the 

molecule because the photon energy is transferred to excite molecular vibrations.  

FTIR spectra were recorded using a ThermoScientific FTIR instrument (Nicolet 8700) in the 

4000-200 cm-1 frequency range at a spectral resolution of 4 cm-1. Dried GO, rGO, rGO/Ag, 

rGO/Ni or rGO/Co3O4 (1 mg) was mixed with KBr powder (100 mg) in an agate mortar. The 

mixture was pressed into a pellet under 10 tons load for 2–4 min, and the spectrum was recorded 

immediately. Sixteen accumulative scans were collected. The signal from a pure KBr pellet 

was subtracted as the background. 

3.3. Raman spectroscopy 

Raman spectroscopy is a very important analysis technique in the field of carbon research and 

has historically played an important role in the structural characterization of graphitic materials. 
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Raman spectroscopy is a non-destructive technique that investigates the optical and electronic 

properties of a material. Based on the inelastic scattering of monochromatic light, it involves a 

laser excitation to interact with the vibrational and rotational modes of the system, resulting in 

a shift in the energy of the scattered photons. Frequency of the reemitted photons shifts up or 

down with respect to original monochromatic frequency. This is called the Raman effect. This 

shift or the transition provides sufficient information about rotational, vibrational and other 

transitions occurring in molecules. Micro-Raman spectroscopy is more commonly used for 

materials characterization than other Raman instruments. Micro-Raman spectroscopy is able 

to examine microscopic areas of materials by focusing the laser beam down to the micrometre 

level without much sample preparation, as long as a surface of the sample is free from 

contamination. An important difference between Micro-Raman and micro-FTIR 

spectroscopies is their spatial resolution. The spatial resolution of the Raman microscope is at 

least one order of magnitude higher than the FTIR microscope. 

Micro-Raman spectroscopy was performed on a Horiba Jobin Yvon LabRam HR Micro-

Raman system combined with either a 473 nm or a 532 nm laser diode as excitation source. 

The beam was focused on the sample surface through an optical objective (x100, 0.9 NA) with 

a lateral resolution (XY) of less than 1 μm. The scattered light was collected by the same 

objective in the backscattering configuration, dispersed by a 1800-mm focal length 

monochromator and detected by a CCD. 

The samples were prepared by casting 50 μL aqueous or ethanol suspension of GO, rGO, 

rGO/Ag, rGO/Ni or rGO/Co3O4 on a clean silicon wafer surface followed by drying in an oven 

at 80°C to make sure the solvent was removed. 

3.4. UV-Vis measurements 

UV-VIS spectroscopy is a non-destructive technique useful to characterize absorption, 

transmission, and reflectivity of different types of compounds and provides information on the 

electronic bonding in a molecule. Absorption spectra were recorded using a Perkin Elmer 

Lambda UV-Vis 950 spectrophotometer in quartz cuvettes with an optical path of 10 mm. The 

wavelength range was 200–800 nm. 

2 mg/mL of GO, rGO, rGO/Ag, rGO/Ni or rGO/Co3O4 were nicely dispersed in water or 

ethanol with the aid of ultrasonication and then filled into the quartz cuvettes for measurements. 
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3.5. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a technique of thermal 

analysis in which changes in physical and chemical properties of materials are measured as a 

function of increasing temperature (with constant heating rate), or as a function of time (with 

constant temperature and/or constant mass loss). TGA consists of a sample pan that is 

supported by a precision balance. That pan resides in a furnace and is heated or cooled during 

the experiment. The mass of the sample is monitored during the experiment. 

Thermogravimetric analysis (TGA) measurements were carried out in Al2O3 crucibles under 

nitrogen atmosphere at a heating rate of 10°C/min using a TA Instruments Q50 

thermogravimetric analyzer. 

3.6. Scanning electron microscopy (SEM) 

In SEM a focused electron beam is applied, and electrons emitted from the sample are used to 

image the surface. Inelastic scattering interactions between the scanning beam and the 

specimen produce low energy secondary electrons, which can be detected with a so-called in 

lens detector. The resulting micrographs show a high spatial resolution, high depth of field as 

well as a material and orientation dependent contrast. 

SEM investigations were carried out on a Hitachi S-4700 SEM FEG (field emission gun) 

operating with an acceleration voltage of 3 or 6 kV and two different detectors (high-efficiency 

In-lens SE detector, Everhart-Thornley secondary electron detector).  

The samples were prepared by casting 50 μL aqueous or ethanol suspension of GO, rGO, 

rGO/Ag, rGO/Ni or rGO/Co3O4 on a clean silicon wafer surface followed by drying in an oven 

at 80°C to make sure the solvent was removed. 

3.7. Transmission electron microscopy (TEM) 

In TEM, a parallel electron beam impinges onto a sample. The electrons transmitted through 

the material are used to create an image of the sample and to gain information on phase 

composition, structure and lattice defects. The image contrast comprises also information based 

on electron diffraction of the crystalline parts of the specimen. 

TEM imaging was usually performed on a FEI Tecnai G2-F20 microscope operating at 200 

kV. Samples were drop-casted from aqueous or ethanol dispersions of GO, rGO, rGO/Ag, 

rGO/Ni or rGO/Co3O4 onto carbon coated TEM grids and the solvent was evaporated under 

gentle heating. 

https://en.wikipedia.org/wiki/Thermal_analysis
https://en.wikipedia.org/wiki/Thermal_analysis
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Some experiments were performed with a FEI Tecnai Osiris in Eindhoven (Philips 

Laboratory). High-angle annular dark-field imaging (HAADF) as well as Energy Dispersive 

X-Ray (EDX) spectra and mapping have been used specifically on rGO/Ni NPs composite. 

HAADF, which relies on the detection at very high angle of the incoherently scattered 

electrons, is highly sensitive to the atomic number of atoms in the sample. The higher the Z 

number, the higher the HAADF signal. An EDX spectrum records the intensity of the X-rays 

produced by the elements present in a sample under the action of an electron beam. EDX 

mapping allows the imaging of the spatial distribution of an element in the sample 

(monochromatic imaging). 

3.8. X-Ray diffraction (XRD) 

X-ray diffraction is a technique that provides detailed information about the chemical 

composition and crystallographic structure of the materials. It gives detailed information about 

the lattice parameter, lattice defects, lattice strain, chemical composition, crystallite size (in 

case of nanoparticles) and the type of chemical bonding. 

The structural characterization of the samples was carried out on a 9 KW Rigaku Smartlab 

rotated anode X-ray diffractometer using Cu K1 (1.5406 °A) wavelength, operated in Bragg-

Brentano reflection geometry. 

The samples were prepared by casting 50 μL aqueous or ethanol suspension of GO, rGO, 

rGO/Ag, rGO/Ni or rGO/Co3O4 on a clean silicon wafer surface followed by drying in an oven 

at 80°C to make sure the solvent was removed. 
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