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ABSTRACT 

The exponentially increasing chemical pollutants and highly resistive pathogens have made 

it a necessity for the development of an innovative, multifunctional material. Graphene 

oxide (GO) and silver nanoparticles (AgNPs), both exhibit excellent antibacterial, sensing, 

and catalytical properties thereby being the ideal choice to investigate the integration of the 

nanomaterial into environmental applications. Various methods can be opted to synthesize 

GO-based nanocomposites however each technique has its benefits and drawbacks. 

Therefore, this thesis explores an improved Hummer’s method and Pulsed Laser Ablation 

in Liquid (PLAL) for the fabrication of high-quality GO and surfactant-free graphene 

oxide-silver (GO-Ag) composites, respectively. In a simple and fast PLAL procedure, a 

pure silver target plate, immersed in fully dispersed GO solution, is ablated by an Nd-YAG 

nanosecond laser. Thereby forming a highly stable colloidal composite without the use of 

any chemical agents or harmful by-products. The laser parameters had been optimized to 

control the specific characteristics of the GO-Ag composite for enhancing the antibacterial 

and sensing properties. As such the ablation process was carried out with a 1064 nm laser 

for varying time and varying energy. After various trials, the optimal parameters were 

deduced as 140 mJ energy and 10 mins. Moreover, the synthesized materials were 

confirmed by multiple diagnostic techniques including FTIR, UV-Vis spectroscopy, SEM, 

EDS, Raman, Zeta potential analysis, and XRD. Thereby giving an insight into the 

chemical properties, structure, and morphology of the fabricated composites. 

Subsequently, the antibacterial activity and potential in SERS were evaluated. The results 

demonstrated that GO-Ag composites have superior antibacterial activity, SERS 



 xvi 

capability, and stability compared to the individual components; GO and Ag. Additionally, 

the cubic shape GO-Ag micro-composite had better antibacterial performance than that of 

the spherical GO-Ag nanocomposite. Thus GO-Ag composite with optimized properties is 

a promising multifunctional material for environmental protection.  

   

Keywords: graphene oxide, noble metal nanoparticles,  pulsed laser ablation in liquid, 

antibacterial, surface-enhanced Raman spectroscopy  
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CHAPTER 1:  INTRODUCTION 

The worldwide human health crises are attributed to interconnected chemical 

pollutants and pathogens. These environmental contaminants are exponentially on the rise 

due to industrialization, urbanization, and the swift progress of the healthcare system. As 

illustrated in Figure 1.1 they are incorporated in air, soil, and water in the form of heavy 

metals, plastics, dyes, and various disease-causing microbes, bacteria, viruses, etc. 

Chemically pollutants are conventionally treated through chemicals that have harmful 

byproducts, slow biological processes, or by expensive advance filtration systems [1], [2]. 

Whereas pathogenic remediation involves the use of various chemical reagents and water 

disinfection methods like UV treatment and chlorination. However, they generate 

byproducts that can be carcinogenic and involve expensive equipment with limited 

effectiveness. Furthermore, they lead to antimicrobial resistance with prolonged use and 

have limited specificity and efficiency [3], [4]. Thereby leading to more resilient infections. 

Consequently, a new environmentally friendly, innovative, and multifunctional material is 

required to address the growing chemical and environmental pollutants for the betterment 

of human life. 

 

 

Figure 1.1: Types of environmental contaminants present in air, soil and water. 
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Various nanomaterials have been explored due to their extraordinary properties, to 

resolve these correlated issues. However, reaching a complete solution is still difficult. 

Graphene oxide (GO), a derivative of graphene, consists of a monolayer of sp2 hybridized 

hexagonal carbon atoms and oxygen-containing functional groups. Due to its exceptional 

characteristics such as large surface area, mechanical strength, biocompatibility, great 

electrical conductivity, and excellent adsorption capabilities, it has gained significant 

recent attention in multiple applications [5]. Such as electronics, energy, and environmental 

remediation [6], [7].  

 

 

Figure 1.2: GO-based composites and their environmental applications. 

The functionality of GO increases the hydrophilicity and tunability of the material 

thereby making it the perfect candidate for different composites. Given that GO itself has 

a few limitations; poor colloidal stability and weak compatibility. Thereby the properties 

of GO can be enhanced by incorporating nanomaterials with varying characteristics [8]. 

Consequently, making graphene oxide-based composites a multidimensional material, 
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exhibiting synergistic physiochemical properties and revolutionizing the environmental 

techniques. Some of these reported nanomaterials are depicted in Figure 1.2. 

Graphene oxide-based composites can thus be used as sensors, antimicrobials, 

photocatalysts, and sorbents [9]. As a result of their high surface area, and functionality, 

they have excellent adsorption and absorption capabilities. Hence various pollutants from 

both liquid and gases can effectively be removed by making them insoluble due to chemical 

or physical binding with GO-based composites [10], [11]. Furthermore, to facilitate the 

degradation of chemical pollutants, graphene oxide-based nanocomposites can be tuned to 

harness a broad sunlight spectrum. Their excellent ability to readily generate electron-hole 

pair initiates redox reaction hence breaking down the contaminants into less harmful 

byproducts [12], [13]. Additionally, their selectivity and specificity against various 

contaminants make them ideal for different sensors. Such as electrochemical, optical, or 

mechanical [14], [15]. Lastly, with several modes of action and the ability to adjust toxicity 

against pathogens GO-based nanocomposites are a promising alternative to conventionally 

used antimicrobial agents [16], [17]. Possible by simply adjusting the structure and 

dimensions of the composite. 

 

 

Figure 1.3: The mode of action of AgNPs on microbials. 

Sliver nanoparticles (AgNPs) are currently the most investigated and 

commercialized biocides due to their exceptional antimicrobial susceptibility [18]. With 
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several mechanisms of action due to direct interaction with the microbe and release of 

silver ions (Ag+). As such AgNPs facilitate the production of reactive oxygen species 

(ROS), block respiratory ions, interference with DNA replication, and physical disruption 

and damage of the cell wall or membrane [19] as briefly shown in Figure 1.3. Hence, even 

though they are still under investigation AgNPs have proved to be effective against “super-

bacteria” created by excessive use of various antibiotics [20]. 

Furthermore, AgNPs have versatility in sensing, photo-catalytical, disinfecting, and 

sorbent capabilities. They are utilized in coatings, surface-enhanced Raman spectroscopy 

(SERS), breakdown of organic pollutants, and removal of heavy metal ions or other 

pollutants, along with various other applications [21], [22]. However, the effectiveness of 

AgNPs is limited because they tend to oxidize and aggregate thereby reducing their active 

surface area [20]. Graphene oxide-silver (GO-Ag) composites demonstrated a significant 

enhancement in the effective inhibition of microbial along with sensing and removal of 

pollutants. Therefore, the decoration of GO with AgNPs is a novel yet effective approach 

to tackle the ever-increasing environmental concerns. Especially since the specific 

properties required for various applications can be optimized by varying the shape, size, 

and charge on the surface of these composites or by choosing the appropriate synthesis 

approach. Among the current synthesis methods pulsed laser ablation in liquid (PLAL) is 

an attractive technique because of its robust experimental setup providing a simple, clean, 

fast reaction and surfactant-free product. Moreover, the characteristics of the AgNPs on 

the GO matrix can be effectively controlled by varying laser parameters such as time of 

ablation and pulse laser energy. While maintaining the integrity of the GO matrix. 

Accordingly, this thesis focuses on the formation of a high-quality GO-Ag-based 

composite through the PLAL method. To understand their physiochemical properties by 

characterization and to study the impact of different laser parameters on the shape and size 

of the composite. Along with the optimization of these parameters. Furthermore, their 

evaluation as SERS and antibacterial agent, against both gram-negative and gram-positive 

bacteria thus confirming their multifunctional capabilities for environmental remediation. 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Introduction 

Though the breakthrough of graphene was a mere accident, it has changed the 

course of scientific research and development. Known as the thinnest material it consists 

of a monolayer of sp2 hybridized carbon atoms arranged in a hexagonal structure [6]. It 

exhibits high surface area and exceptional electrical, mechanical, and thermal properties. 

Moreover, the structure of graphene can be transformed into various dimensional materials 

[23], as shown in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

However, due to the hydrophobic nature of graphene, dispersing it in polar solvents is 

challenging. Whereas, graphene oxide a functionalized derivative of graphene has an 

enhanced interaction with polar solvents thus better dispersibility. Thereby GO preserves 

the unique properties of graphene along with improved characteristics due to oxygen-

Graphene 

Figure 2.1: 0D, 1D and 3D carbon material formed from 2D graphene. 
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functionalization. Thus, GO has better biocompatibility, dispersibility, stability, chemical 

reactivity, and optical and mechanical properties. As such it is a trending material in 

various fields of research such as sensors, catalysis, energy storage, biomedical, and 

environmental remediation. 

2.2 Graphene Oxide 

Graphene oxide is characterized by multiple or monolayer of graphene sheet with 

oxygen functionalization such as carboxyl, epoxide, and hydroxyl groups. These groups 

contribute to the negative charge, stability, interactions, and attachment of other substances 

with GO as explained in Figure 2.2. Thereby modifying the electrical and mechanical 

properties. Furthermore, GO is low-cost, scalable, and accessible thus being suited for 

novel composite materials [24]. 

 

Figure 2.2: Schematic of GO sheet. 

2.2.1 Synthesis of GO 

Graphene oxide can be derived from graphite flakes or powder which can be 

obtained from natural and synthetic sources. Natural sources are preferred due to the 

presence of localized defects in the structure which act as seeding sites for various chemical 



7 

 

reactions. Generally, two approaches can be opted for the formation of GO, top-down and 

bottom-up. The bottom-up approach includes the production of GO through processes like 

Chemical Vapor deposition (CVD) where a controlled single layer of GO is deposited onto 

the selected substrate [25]. Whereas, the most preferred top-down approach aims to 

exfoliate or cleave graphite by chemical, physical, or mechanical processes. Brodie, 

Staudenmaier, or Hummers method and their modifications are used to carry out the 

oxidation of graphite for successful chemical exfoliation. 

For Brodie's method potassium chlorate (KClO3) with nitric acid (HNO3) is used 

for the oxidation process [26]. This yields highly oxidized GO although the process is time-

consuming as well as dangerous. Due to the release of toxic chlorine dioxide (ClO₂)  gas 

which is highly explosive in nature. Staudenmaier modified the Brodie method by 

incorporating sulfuric acid (H2SO4) thereby oxidizing the graphite flakes in a shorter time 

[27]. However, it still had the same drawback of being dangerous. 

Whereas, the Hummers’ method utilizes Potassium permanganate (KMnO4) and 

sulfuric acid (H2SO4) as oxidizing agents. Strong acids such as HNO3 and H2SO4 lead to 

the formation of graphite salts which act as precursors for subsequent oxidation of GO [28]. 

Hummer’s method is comparatively safe and efficient hence it is the most frequently used 

method to prepare GO. Although it does not produce any explosive gas, the hummer’s 

method needs to be well controlled to avoid producing a highly exothermic reaction. 

Furthermore, it results in hazardous gases and magnesium compounds which need to be 

properly disposed of to avoid environmental contamination. Therefore, hummer’s method 

has been modified to avoid the formation of these gases thus making is more eco-friendly. 

Chen et al designed a modified hummers’ method by using H2SO4, KMnO4, and NaNO3 

for oxidization [29]. Whereas Marcano et al formed the Improved Hummers’ method by 

utilizing H2SO4, KMnO4, and H3PO4 as oxidizing agents [30].  This green, cost-friendly, 

and low-waste process produces a high yield of hydrophilic GO due to gentle exfoliation, 

without damaging the hexagonal structure and without the release of any toxic gasses [5], 

[31]. Additionally, to control the purity, and quality of GO with enhanced colloidal stability 

synthesis parameters; temperature, reaction time, washing, and neutralization can be 

controlled and optimized [32], [33], [34].  
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2.2.2 Applications of GO 

Depending on the functionalization of GO it can be incorporated into various broad 

applications. Such as energy storage, water purification, sensors, biomedical applications, 

catalysis, coatings, films, and electronics. Due to high surface area and electrical 

conductivity, GO has enhanced the storage capacity and stability therefore it is widely used 

as batteries and supercapacitors. Exponential research is being done to demonstrate GO-

based nanocomposites' ability to perform as supercapacitors, lithium-ion batteries, and fuel 

cells [35]. Dong et al formed graphene-based platinum (Pt) and platinum-ruthenium (Pt–

Ru) materials for fuel cell application by oxidation of methanol and ethanol [36]. Rakhi et 

al fabricated GO decorated with metal oxides with enhanced specific capacitance and 

stability of over 6000 cycles. Thereby being excellent for energy applications [37]. 

Additionally with exceptional adsorption properties GO is vastly used for the removal of 

various contaminants from water. These include heavy metals and pathogenic and organic 

pollutants. Therefore, it can be utilized in membrane technology and advance water 

treatment systems [38], [39]. Han et al demonstrated a vacuum-assisted filtration system 

based on an ultrathin GO membrane of a few nm porous polymer by using a trace amount 

of GO. The results showed 99% filtration of organic dyes and high water permeance [40]. 

 

2.3 Silver Nanoparticles 

Notably among the diverse range of nanomaterials, noble metal nanoparticles have 

gained immense attention due to their distinctive physical, optical, chemical, and biological 

properties. Therefore, allowing researchers to incorporate them in various devices. In the 

case of silver (Ag), gold (Au), copper (Cu), etc, the intense colors are due to collective 

oscillations of free electrons in the conduction band. This phenomenon is known as Surface 

Plasmonic Resonance (SPR). Depending on the size and shape of the colloidal 

nanoparticles the color is varied [41]. Furthermore, since the SPR frequency is in the visible 

range they are utilized in serval optical applications such as biosensors [42]. Additionally, 

they are used for the treatment of cancerous tumors [43], drug delivery [44], catalysis [45], 
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and as various sensors such as SERS [46]. Due to their capability of creating ‘Hot Spots’ 

where enhancement of electromagnetic radiations takes place. 

Among all the noble nanomaterials, silver nanoparticles have exceptional 

environmental remediation properties. Due to various physiochemical characteristics such 

as excellent thermal and electrical conductivity, SERS, catalysis, non-linear optical 

properties, and chemical stability [47]. Furthermore, it has superior antibacterial, and 

sensing capabilities [48].  Additionally, it is a cost-effective noble nanomaterial that can be 

synthesized through various optimized methods with varying shapes and sizes. Therefore, 

it is the optimal nanomaterial for the formation of GO-based nanocomposites for 

environmental protection. 

2.3.1 Synthesis Methods 

Silver nanoparticles can be synthesized by two different approaches just like GO. 

The first bottom-up method builds up individual atoms into nanoparticles. While the 

second, top-down, macroscopic materials are carved or broken down to produce nano-sized 

particles. Both approaches have various synthesis techniques as portrayed in Figure 2.3. 

Among these Pulsed Laser Ablation in Liquid (PLAL) is the most simple, effective, and 

clean method for generating AgNPs. Since no surfactant or other chemicals are required 

for the formation of well dispersed, few nanometre, bare AgNPs. Therefore, not 

compromising any of their unique properties due to the availability of all the active sites 

on the surface of these NPs. Furthermore, through PLAL the size, shape, and distribution 

of AgNPs can be optimized by varying parameters such as laser energy, pulse duration, 

and ablation time. Other common methods such as chemical reduction utilize silver salts 

and reducing agents which can cause serious health problems and can produce harmful by-

products. While requiring capping agents and complicated purification processes [49]. 

Similarly, though biological methods are green in nature, they have longer synthesis 

processes, limited scalability, and control over the size and shape of the AgNPs. Along 

with the introduction of impurities and various ligands and surfactants due to the complex 

nature of biological components. 
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Figure 2.3 Nanomaterial synthesis approaches and techniques. 

2.4 Pulsed Laser Ablation in Liquid 

Pulsed laser ablation in liquid is a recently developed technique that can synthesize 

pure; ligand-free, and well-dispersed colloidal nanoparticles in a single-step process. Ever 

since Fojkit et al. first introduced it in 1993 [9] it has gained due interest and translated into 

several reviews [50], [51], [52], [53]. As presented in Figure 2.4 a hybrid mechanism of 

top-down and bottom-up methods is employed for the formation of nanoparticles. Initially, 

in the top-down method, a high-energy pulsed laser beam breaks down the solid target 

immersed in a liquid medium. Consequently, causing material breakdown to produce a hot-

dense plasma plume. Which expands as more material is broken down and as the laser 

interacts with the already produced plume to further increase the temperature and pressure. 

However, due to the liquid medium, the plume is quenched thereby causing the collision 

of ablated species with the liquid. This causes the formation of a thin vapor layer and the 

condensation of plasma species hence the start of the bottom-up process. So, forth the 
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nucleation of the initial seeds and subsequent growth into the resulting pure crystalline 

nanoparticles take place. While the vapor layer expands into a cavitation bubble and the 

plasma is extinguished. As the laser irradiation of nanoseconds (ns) is stopped till the next 

pulse the plasma can no longer maintain the high temperature and pressure and soon dies 

down. Similarly, during the expansion of the cavitation bubble, its temperature and 

pressure decrease than that of the surrounding liquids. Causing the collapse of the bubble 

and release of nanoparticles in the liquid. 

 

Figure 2.4: Schematics diagram of basic PLAL mechanisms. 

PLAL is a versatile technique that can produce various nanoparticles such as metal, 

noble metal, oxide, composites, core shells, etc by simply varying the liquid medium and 

target material. Various researchers demonstrated the effect of different laser parameters 

on the synthesized nanoparticles. Tsuji et al investigated the effect on the fluence and 

ablation properties of Ag and Cu NPs by changing the focusing conditions and laser 

wavelength [54]. Accordingly, they found that high ablation efficiency is achieved at lower 

fluence and shorter wavelengths. Similarly, it can be achieved at longer wavelengths but 

at higher fluence. Moreover, smaller mean-size nanoparticles are synthesized by 

decreasing laser wavelength due to the fragmentation of the nanoparticles which interact 
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with the incoming laser pulse. Likewise, Zheng et al. demonstrated the effect of laser 

wavelength and laser power on the size and shape of the synthesized NPs [55]. 

The confining liquid plays a crucial role in the formation of nanoparticles. As it 

provides reactive species, confines and cools the plasma thus making nucleation possible. 

In addition, the surface charge of the forming nuclei is effected by the liquid species which 

in turn controls the size and agglomeration of the NPs. As reported by Mafune et al. by 

increasing the concentration of Sodium Dissolve Sulfate (SDS) in water, the average size 

and size distribution of NPs decreases [56]. Tarasenko et al. also demonstrated the surface 

modification of spherical AgNPs by utilizing acetone as the liquid medium [57]. Whereas 

AgNPs with improved stability were synthesized in natural polymer by Zamiri et al. [58]. 

Furthermore, laser fragmentation and laser melting in liquid can be employed for 

changing the shape and size of the synthesized NPs. As exhibited by Tsuji et al. submicron-

sized AuNPs can be produced by laser melting in the presence of sodium chloride (NaCl) 

stabilizer [59].  Pyatenko et al. also reported the mechanism of the interaction of pulse laser 

with colloidal NPs [60]. Thus, presenting that the complicated laser-matter interaction 

process during the size reduction and spherical growth can be understood using the heating, 

melting, and evaporation model. Therefore, extensive research is being carried out to prove 

the versatility and simplicity of the single-step PLAL process to fabricate pure colloidal 

solutions. Without the use of any reagents and through a clean reaction; that produces no 

by-products. 

2.5 Challenges and Limitations 

A notable challenge with AgNPs is their prolong stability as they readily oxidize 

and aggregate over time. Thereby decreasing the active surface area and application-based 

efficiency. Therefore, it is necessary to incorporate them with other nanomaterials that can 

preserve and possibly enhance their inherent properties. Furthermore, the potential risks of 

AgNPs by leaching into the environment are still not fully understood however are still of 

significant concern and thus need to be addressed [61]. Subsequently, for appropriate 
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environmental remediation application of AgNPs with its unique characteristics and 

challenges it is infused with GO to form a composite with enhanced properties. 

2.6 Graphene Oxide-Silver (GO-Ag) Nanocomposites 

To overcome the challenges of GO and AgNPs while having synergistic properties 

with high surface area various researcher are being carried out on the formation of GO-Ag 

nanocomposites. GO provides anchoring of AgNPs thereby preventing the possibility of 

aggregation and resulting in higher colloidal stability. Hence having improved properties 

for various applications such as antibacterial, sensing, and catalysis [62]. 

2.6.1 Synthesis Methods for GO-Ag Composites 

Various methods for the synthesis of GO-Ag have been explored [63] however 

PLAL is a much preferred technique to the robust experimental setup and easy process. 

Furthermore, a well-dispersed colloidal composite is achieved with AgNPs homogenously 

anchored on high surface area GO sheets. Therefore, enhanced stability and functionality 

of the composites are exhibited without the introduction of any chemical additives and by-

products. Whereas the other in-situ methods such as chemical reduction [64] and 

microwave irradiation require various additives and complicated experimental setups. 

Additionally, optimizing the size, density, and shape of the composites is challenging with 

mostly reduction of GO [65], [66]. Whereas PLAL is relatively the most eco-friendly and 

green technique. Moreover, the shape, size, and distribution of the composite can be 

controlled by optimizing the laser parameters. Thereby having optimal performance in 

environmental applications. 

As demonstrated by He et al., PLAL can be utilized for decorating GO sheets with 

AgNPs while controlling the size and density of NPs by varying laser parameters [66]. 

Hence improving the Ag nanoparticle/GO catalysis and SERS capabilities. Similarly, 

Menazea et al, reported the formation of copper and silver nanocomposites with GO 

(AgNPs@GO and CuONPs@GO) while focusing on demonstrating their photoactivated 

antibacterial activity [20]. Likewise, Nancy et al. fabricated Ag-GO nanohybrids with 

excellent antibacterial activity and nonlinear optical properties [19]. With the formation of 



14 

 

intermediate energy states.  Furthermore, showing the versatility and reduction capabilities 

of PLAL Al-Assaly et al. produced rGO decorated with AgNPs using the PLAL method 

[67]. They optimized the laser pulse energy and the ablation time for forming uniformly 

dispersed AgNPs on rGO sheets. Subsequently, Malik et al. synthesized Ag-GNPs with 

varying weight ratios through an ex-situ approach to demonstrate photocatalytic potential 

and antibacterial susceptibility against various bacteria [68]. 

2.6.2 Applications of GO-Ag Composites 

With enhanced electrical conductivity, increased active surface area, and strong 

application-based activities GO-Ag composites have proved to be multifunctional 

materials as displayed in Figure 2.5. It can exhibit effective and excellent performance 

against environmental pollutants and pathogens. As such GO-Ag composites have shown 

an improved antibacterial activity against gram-negative and gram-positive ‘super 

bacteria’ than that of their individual components. Especially when the increase in 

antibiotic resistance of bacteria is an ever-growing health concern. Uniform distribution of 

AgNPs on GO sheets prolongs the activity of GO-Ag composite due to enhanced stability, 

and availability of AgNPs. Furthermore, it prevents the restacking of GO sheets and 

agglomeration of AgNPs. Additionally, the anchored AgNPs readily realize Ag+ ions 

which are known to contribute to the activity of AgNPs by disturbing the cell wall, causing 

oxidative stress due to ROS, and interfering with the replication of DNA For instance, 

Truong et al reported superior antibacterial activity of GO-Ag NPs against E. coli and S. 

aureus bacteria due to the production of strong ROS species, and improved bacterial 

adhesion that leads to cell death [69].  Lange et al. demonstrated the cell death was caused 

by GO-Ag nanocomposite by disruption of the cell membrane, oxidative stress, and 

peroxidation of lipids [70]. Furthermore, they reported GO-Ag nanocomposite use as a 

textile coating.  
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Figure 2.5: Applications of multifunction GO-Ag composites. 

GO-Ag composites have proved to be applicable in water purification systems for 

environmental cleanup. Due to the high surface area, GO-Ag composites are excellent 

absorbents for organic pollutants and heavy metal ions. As demonstrated by Naeem et al. 

GO-Ag can be used to effectively adsorb industrial dyes such as methyl orange (MO), 

methylene blue (MB), and ethyl violet (EV) [71]. Along with the reduction of aromatic 

pollutant 2-nitroaniline (2-NA) and antibacterial activity against E. coli and S. Aureus. 

Likewise, Dandu et al. formed a GO-Ag composite for the removal of Pb(II) ions [72]. The 

reported removal of ions depended on the pH, concentration of ion, dose of adsorbent, and 

time of contact. However successful removal of Pb(II) ion was achieved from both water 

and wastewater. The adsorption capabilities of nanocomposite have been linked to the 

functional group of GO-Ag since they interact with the heavy metal ions. Through the 

process of ion exchange and electrostatic interaction to form surface complexes. Therefore, 

increased specific surface area by deposition of AgNPs enhances the overall adsorption of 

the ions [72], [73].   
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Moreover, AgNPs decoration of the GO sheet changes the bandgap of the 

composite thereby enhancing the electron-hole pair generation upon light irradiation. This 

results in an improved photo catalytical activity for the breakdown of complex organic 

dyes, without the production of other hazardous by-products [74]. In research conducted 

by Zhong et al., a ternary silver/bismuth oxyiodide/graphene oxide (Ag/BiOI/GO) 

composite was prepared for the removal of rhodamine B (RhB) dye under the exposure of 

visible light[75]. They demonstrated the stability and reusability of the synthesized 

composite due to the inhibition of the recombination of electron-hole pairs by the doping 

of AgNPs and GO.  

  Exponential research on incorporating GO-Ag composite in sensing applications is 

being carried out.  Particularly for sensitive and selective chemical and biosensors. Upon 

addition of AgNPs on the GO sheet, their SPR properties can easily be exploited to sense 

various molecules with prolonged use due to added stability and enhanced characteristics. 

Zhang et al successfully constructed an electrochemical sensor using AgNPs/GO 

composite for the detection of dopamine (DA) and hydrogen peroxide (H2O2) [76]. 

Thereby demonstrating the increase in specific surface area increased the sensitivity, 

decreased the detection limit, and showed exceptional reproducibility and stability. Nguyen 

et al. also developed green silver-doped graphene oxide (AgNPs@GO) nanocomposite to 

demonstrate high H₂O₂ and Hg²⁺ detection through optical sensing [77]. Along with low 

detection limits, thus presenting it as an ideal colorimetric sensor. He et al. reported Ag/GO 

composites exhibit excellent (SERS) capabilities due to the anchoring of AgNPs on GO 

sheets [66]. Thereby providing stability, enhancing plasmonic activity, and creating "hot 

spots" with a strong electromagnetic field which in turn increases the Raman signal 

significantly while decreasing the limit of detection of various analytes such as Rhodamine 

6G (R6G) and 3,3',4,4'-tetrachlorobiphenyl (PCB-77) [66].  
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CHAPTER 3:  MATERIALS AND METHOD 

The experimental work has three distinctive phases. 

 

3.1 Synthesis and formation 

3.1.1 Graphene Oxide 

The chemical exfoliation method was opted to form graphene oxide due to its cost-

effectiveness, ease, and sustainability. To maximize product yield and quality, graphene 

oxide was synthesized from graphite flakes through the Improved Hummer’s Method [30], 

as briefly exhibited in Figure 3.1. 

In this procedure, 1.0 g graphite flakes were mixed with a 9:1 mixture of 

concentrated H2SO4/H3PO4 (120:13.3 mL) solution and stirred for 30 min. Following that 

KMnO4 (6.0 g) was gradually added to the mixture making it turn green. The temperature 

Experimentation

Synthesis or formation of

GO through Improved Hummer's Method (Tour's method)

GO-Ag nanocomposites through PLAL 

Charaterization of Material 

FTIR

UV Vis spectroscopy

XRD

SEM 

RAMAN spectroscopy

Zeta Potential 

Application-based testing

GO pH dependant antibacterial 

Composites' shape dependant antibacterial 

Surface Ehnaced Raman spectroscopy



18 

 

was kept below 35-40° C and the reaction was further stirred for 4-5 hours. Then the 

reaction was heated to and maintained at 50° C for 12 hours under constant stirring. 

Afterwards, the reaction was allowed to cool down to room temperature and poured onto 

ice and 30% H2O2 (1 mL) to quench the reaction. Completion of the reaction yielded a 

bright yellow solution, confirming the successful formation of graphite oxide. Before the 

washup to remove the unreacted graphite flakes, the solution was sifted through a 

laboratory test sieve. The filtrate was then centrifuged at 4000 rpm to separate the solid 

material from the acidic supernatant. Subsequently, it was washed successively with 67 

mL 30% HCL and ethanol to remove the unwanted metal ions. Further washing was carried 

out several times with DI water to increase the pH of the product to attain a different pH. 

The final product was dried out overnight at a low temperature (40-60° C) to obtain 

graphene oxide powder, without affecting its chemical structure. 

 

Figure 3.1: Schematic diagram of Improved Hummer’s Method.  

 

3.1.2 Graphene Oxide-Silver Nanocomposites 

To synthesize optimum GO-Ag nanocomposite, the fabrication process was further 

divided into two individual stages. Figure 3.3 depicts the basic Pulsed Laser Ablation in 
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Liquid (PLAL) setup consisting of an Nd-YAG laser, beam-delivering optics, and a vessel 

to hold the solvent and the target. 

➢ First Stage 

Initially, graphene oxide of a pH of 5.5 was dispersed in DI water at a concentration 

of 0.2 mg/mL. Two different DI waters were utilized for the sonication process. To avoid 

the thermal reduction of GO, the suspension was sonicated in an ice/water bath while 

maintaining a temperature below 20° C.  The beaker with GO suspension was covered to 

avoid any unwanted contamination and immersed in the water of an ultrasonication bath 

Elma Schmidbauer E 30 H, Germany. As briefly shown in Figure 3.2. Depending on the 

suspension volume the sonication was carried out for a minimum of four hours. Sonication 

in a vial was avoided as the heat and pressure generated during prolonged sonication would 

erupt the vial. 

 

Figure 3.2: Sonication of GO solution in ice/water bath. 
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➢ Second stage 

 

Figure 3.3: Schematic diagrams of the PLAL experimental setup. 

Following the sonication process the silver target was polished to remove all 

accumulated impurities. It was then thoroughly washed with ethanol and distilled water 

and immersed in a beaker with 4 mL of sonicated GO solution. Subsequently, it was placed 

on a magnetic hotplate for continuous stirring of the solution. The position of the beaker 

was physically changed after a few seconds to provide rotation of the target sample, which 

is essential for avoiding the formation of a deep ablation crater. Finally, the target ablation 

process, as illustrated in Figure 3.3, was carried out according to the laser parameters 

presented in Table 3.1 for the formation of GO-Ag composites. For shape optimization of 

GO-AgMC laser energy was varied from 106 mJ to 172 mJ while keeping the ablation time 

constant at 10 mins. Whereas the ablation time was varied from 5 min to 15 mins while 

keeping the laser energy constant at 140 mJ. 
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     Table 3-1: Laser parameters for the synthesis of GO-Ag composites. 

 

3.2 Characterization of Materials 

3.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis of powder GO was performed to investigate functionalization of GO 

through Perkin Elmer, spectrum 100 FTIR spectrophotometer. FTIR of GO-Ag composites 

was avoided since these samples are prepared in dispersion form. Thus, the water content 

present in the samples interfered with the sample characteristics peaks. Causing them to 

broaden into a round shape. Therefore, the true spectrum could not be obtained. For the 

FTIR analysis, the GO powder was mixed with Potassium Bromide (KBr)  and turned into 

a pellet using a hydraulic press. The spectrum was obtained in transmission mode with a 

scan ranging from 400 cm-1 to 4000 cm-1. 

 

Laser Specification 

Laser type Nd-YAG ns-Laser 

Wavelength 1064 nm 

Pulse duration 6 ns 

Repetition Rate 10 Hz 

Pulse Energies 106 mJ-172 mJ 

Lens Focal length 50 cm 

Ablation Time 5-15 mins 
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3.2.2 Ultraviolet-Visible spectroscopy (UV-Vis) 

GO and GO-Ag nanocomposites UV-Vis absorbance spectrums were obtained by 

UV-2800 BMS Scientific Technical Corporation (PVT) LTD. For performing the UV-Vis 

analysis, all the samples were diluted using the initial solvent (DI water) to avoid the 

irregular spikes present in UV-Vis spectra at high concentrations. Therefore 0.2 mL of the 

prepared sample and 1.8 mL of DI water was introduced into the quartz cuvette with an 

optimal optical path of 1 cm. The range of the analysis was limited between 200-800 nm. 

The obtained data was used to find the bandgap of the samples through Tauc’s equation. 

3.2.3 X-ray Diffraction (XRD) 

XRD model theta-theta STOE, Germany was utilized  for analysing the crystallinity 

of all the materials. Since the nanocomposites are formed in dispersion forms GO was 

dispersed in DI water. 20 times 10 μL of all the prepared samples were drop cast onto a 

clean glass slide to form a thick coating. The XRD analysis was performed at 2θ range 

from 0°-90° degrees, at a slow scan rate (45 mins). The obtained data was plotted and 

compared using X’Pert high-score software. 

3.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 

(EDS) 

for visual confirmation of GO, and GO-Ag nanocomposites Scanning electron 

microscope JEOL JSM-6042 A, Japan was utilized. With a working distance of 10 mm, 

5kV acceleration voltage, and various magnifications. Furthermore, EDS analysis for 

elemental mapping was performed to confirm the elemental composition of some of the 

samples. For the sample preparation, 10 μL of the colloidal solution was deposited onto a 

cleaned glass slide and dried on a hotplate for a few minutes. 

3.2.5 Raman Spectroscopy 
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For assessing the structure properties, degree of defects, and functionalization I-

Raman, USA was used. Similar to the XRD analysis multiple depositions of the prepared 

samples were done on a clean slide to obtain a thick coating. Each sample analysis was 

conducted using a laser wavelength of 532 nm and power of 30 mW for 5 seconds. 

3.2.6 Zeta potential  

For the analysis of the surface charge and the stability of all the synthesized 

colloidal material dispersed in DI water, zeta analysis was performed using Zeta Potential 

Analyzer WALLIS ZPA220901, France. For zeta vs pH reading the 0.7 mL of the dispersed 

samples were added in a 2 mL quartz cuvette. Since the electrode must be dipped into the 

sample for accurate reading. The parameters were set; solvent as DI water, pH of 5.5, and 

the analysis was repeated three times. 

 

3.3 Application-based testing 

3.3.1 Antibacterial Assay 

All antibacterial tests were carried out using Escherichia coli PSU-5266 (E. coli) 

and Staphylococcus aureus BL 21 (S. aureus) due to the availability and extensive literature 

of the strains. Both strains were cultured in Lauria broth (LB). Briefly, primary inoculum 

was prepared by inoculating 1 colony from the streaked plate in 10 mL LB broth and 

incubated overnight in a shaking incubator for the equal division of cells. The secondary 

inoculum was prepared to bring the bacterial cells into the log phase (growth phase). 10 μL 

of the primary inoculum was added to 10 mL of LB medium and incubated in a shaking 

incubator for 2-3 hours. Thereby achieving an optical density of 0.6 at 600 nm by a 

spectrophotometer. Indicating the bacterial culture is in the growth phase thus further 

experiments could be performed [17].  

3.3.1.1 GO pH-dependant antibacterial 
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GO antibacterial susceptibility is influenced by purity therefore the pH was adjusted 

during the washup and through post acid/base addition. 

Materials required 

• GO 0.5 mg/mL 

• Ascorbic Acid (C6H8O6) 

• Sodium Bicarbonate (NaHCO3) 

• LB broth 

• Eoisin Methyl Blue Agar (bacterial growth mediums). 

• Pipettes 

• Bacterial strains 

• Petri dishes 

• Eppendorf tubes 

• Glass spreader 

 

A. Plate Count Method 

Multiple tests were performed to confirm the antibacterial activity of GO. Initially 

plate count method was utilized to confirm if neutral pH (5.5) GO has any antibacterial 

activity or not, as briefly represented in Figure 3.4. For which 1000 μL broth and 100 μL 

E. coli bacteria were added to nine Eppendorf tubes, each. Then different amounts of 

powder; 0.2 mg, 0.5 mg, and 2.0 mg, and dispersions,  0.2 mg/mL, 0.5 mg/mL, and 2.0 

mg/mL, of GO were added to each Eppendorf tube. The tubes were then kept in a shaking 

incubator at 37° C for 24 hours. To complete the test from each Eppendorf tube 100 μL of 

inoculum was added to the petri and spread using a glass cell spreader after sterilizing it 

using a spirit lamp. The plates were further incubated at 37° C for 24 hours to check the 

bacterial growth on the plates. 

Following that the same test was repeated with GO pH of 3, 4, and 5.5. The pH was 

varied during the washup of GO after exfoliation of graphite flakes through an improved 

Hummer’s method and wasn’t altered post-washup through acid. 
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Figure 3.4: Plate count method for antibacterial assay. 

B. 96 well plate test 

Further confirmation of the pH-dependent antibacterial activity of GO was 

achieved through the 96-well plate method. Initially during the washup GO of pH 3 and 

pH 5.5 was acquired. For post pH change, 0.2 mg/mL solution was well sonicated and 

divided into seven different vials. Dropwise ascorbic acid was added to neutral pH (5.5) 

GO to attain a pH of 3 and 4. While NaHCO3 was dropwise added to achieve a pH of 7 and 

pH of 8. 

For the 96-well plate test, 100 μL of LB broth was added to each well (as many 

rows and columns as required). Afterward, the 100  μL of the prepared sample was added 

to the first well and was properly mixed. 100 μL of the mixture was discarded so the final 

volume would be 100 μL in the well. For the second well of the row, 100 μL of the sample 

was added, mixed and the 100 μL was pipetted out. This 100 μL was then added to the next 

well in the row. This was repeated till the 6th well to achieve concentration dilutions as 

displayed in Figure 3.5. Different samples were added to different rows. Following this 10 

μL of bacterial culture was added to the 2nd  to 7th well. The 1st well, without any bacterial 
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culture, showed material interaction with LB broth while the last, the 7th  well depicted 

overall bacterial growth. Thus, both acted as a control. 

The first test was carried out using GO of pH of 3, 5.5 attained through washup, 

ascorbic acid, and GO of pH 3 through acid addition against the E. coli strain. The 

following test was carried out using ascorbic acid, sodium bicarbonate, acid, and base 

added pH of 3, 4, 7, and 8. Also, the pH of 5.5 (neutral) was attained by complete washup 

of the synthesized GO against E. coli and S. aureus bacteria. 

 

Figure 3.5: 96-well plate method for antibacterial assay. 

3.3.1.2 Composites' shape-dependent antibacterial 

Materials required 

• GO 0.2 mg/mL 

• TSC AgNPs 

• GO-AgMC 

• GO-AgNS 

• LB broth 

• Pipettes 

• Bacterial strains 
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96 well plate test 

Antibacterial activity of two different shapes and sizes of GO-Ag composites was 

evaluated against E. coli and S. aureus bacteria. While comparing it to the individual 

components; GO and AgNPs were synthesized through the improved method and PLAL, 

respectively. Furthermore, the antibacterial test of different GO-AgMC sizes synthesized 

at constant energy; 140 mJ while varying time from 5 min to 15 min was carried out against 

E. coli. All the tests were performed following the previously discussed 96-well plate test 

procedure. 

 

3.3.2 Surface Enhanced Raman Spectroscopy (SERS) 

Material required 

• Methylene blue 

• DI water 

• GO of 0.2 mg/mL 

• TSC AgNPs 

• GO-AgMC 

• GO-AgNS 

• Vials 

• Glass Slides 

 

A compact Raman spectrometer with a 532 nm laser wavelength was utilized for the 

SERS study. The sample was exposed for 5 secs with a power of 2.5 mW, following 

different reported literature. In short ethylene blue solution with a concentration of 1 × 10−6 

M was prepared by dissolving 319.85 µg methylene blue powder in 1 litre DI water. Figure 
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3.6 demonstrates that to prepare the slides, 50 μL of the prepared GO and GO-Ag 

composites was dried on individual slides of 1 cm2. Afterward, 50 μL of MB was dried on 

top of the samples. For reference only 50 μL of MB was dried on the slides to collect the 

Raman spectrum. 

 

 

Figure 3.6: Schematic of SERS sample preparation. 
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CHAPTER 4:  RESULTS AND DISCUSSION 

4.1 Characterization of Materials 

4.1.1 FTIR of GO 

 

Figure 4.1: FTIR spectra of GO. 

Figure 4.1 presents the distinctive absorption bands of all the oxygen-containing 

functional groups anchored on GO sheets. A sharp and broad peak around 3400 cm-1 is 

characteristically associated with the stretching vibrations of the O−H bond. During the 

chemical exfoliation process, these groups are attached to the basal plane and the edges of 

GO sheets. Therefore, a sharp hydroxyl peak represents extensive oxidation of GO by the 

improved hummer’s method. Furthermore, the prominent 1600 cm-1 represents the C=C 

stretching vibrational band. This band is attributed to the sp2-hybridization of carbon atoms 

in GO sheets thus proving the backbone of the graphene structure remains intact during the 

chemical exfoliation process and contributes to the overall structural integrity of the GO 
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sheets. Whereas the peaks at ~1300 cm-1 and ~1200 cm-1 are assigned to the stretching of 

the C−O bond due to the attached carboxyl and epoxy groups, respectively. These groups 

contribute to the hydrophobic nature and colloidal stability of GO in liquid mediums. 

Finally, the C−O−C stretching is correlated with the peak at near 1050 cm-1 which gives 

additional confirmation of the attachment of epoxy groups on the GO sheets [20], [67], 

[78]. The reactivity, interaction with other molecules, and functionalization capabilities of 

GO sheets are dependent on these oxygen-containing functional groups. Therefore, the 

spectra confirm the efficient oxidation of graphite flakes to produce highly oxygenated GO 

sheets which are an ideal substrate for the deposition of other nanomaterials. 

4.1.2 UV-Vis of GO, GO-AgMC, and GO-AgNS 

 

Figure 4.2: (a) UV-Vis spectrum (b) Bandgap of GO, GO-AgMC and GO-AgNS. 

Figure 4.2 (a) graphically demonstrates the absorption spectrum of GO and GO-

Ag composites synthesis by an improved method and PLAL, respectively. Pure GO 

exhibits an intense absorption peak at 232 nm, corresponding to the π→π* transition of 

C−C bonds, and a small shoulder peak at 302 attributed to n→π* transitions of C=O bonds. 

Indicating a high sp2 hybridization of GO along with the presence of oxygen-containing 

(a) (b) 
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functional groups. Whereas, for the GO-Ag composites, a new adsorption peak is observed 

at 404 nm for cubic and 394 nm for the spherical, characteristic of the localized surface 

plasmon resonance (LSPR) of AgNPs.  Thereby confirming the generation of AgNPs in 

GO solution and the formation of GO-Ag composites. Furthermore, as plotted in the inset 

of Figure 4.2 (A) a slight peak shift was observed in the GO absorption peak towards lower 

wavelengths. Indicating a change in the overall electronic conjugation of GO due to the 

interaction between GO and AgNPs. Subsequently, confirming that the irradiation with a 

pulsed laser did not reduce the GO sheets. 

For the calculation of GO and GO-Ag composites bandgap Tauc’s equation was 

used to plot the (αhν)2 vs (hν) graph as illustrated in Figure 4.2 (b). Mathematically Tauc’s 

equation is expressed as: 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔) 

Where 𝛼, ℎ𝜈, and 𝐸𝑔 represent the absorption coefficient, energy of photon, and 

optical bandgap of the material. Whereas 𝐴 is a constant of proportionality that varies 

according to the properties of the material. The interception of its linear part showed that 

upon the formation of GO-Ag composites, the band gap of pure GO decreases from 4.15 

mV to 4.06 mV and 4.13 in the case of cubic micro-composite and spherical 

nanocomposites, respectively. Thereby improving the electron transfer between the 

valance and conduction band. This in turn could lead to an improved antibacterial activity 

of the composites. 

4.1.3 XRD of GO, GO-AgMC, and GO-AgNS 

The crystallinity of the prepared sample was determined through XRD. A single, 

sharp broad peak at 2θ of 11.5° for the (001) plane is observed for the GO powder sample 

as shown in Figure 4.3. To estimate the interplanar distance between GO sheet d-spacing 

is calculated using the Bragg’s equation: 

𝜆 = 2𝑑 × sin(𝜃) 
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Where 𝜆, 𝑑, and 𝜃 represent the X-ray wavelength, the distance between planes present in 

the atomic lattice, and the angle between the incident and scattering ray. The GO peak 

corresponds to a d-spacing of 7.7 Å. Thereby suggesting the incorporation of various 

functional groups; epoxy, carboxyl, and hydroxyl within the planes of GO. 

 

Figure 4.3: XRD spectrum of GO, GO-AgMC and GO-AgNS. 

In the GO-Ag composites sample the GO peak became undetectable while the 

characteristic AgNPs and Ag2O peaks were detected. This suggests the delamination of 

GO layers due to the prolonged sonication and deposition of AgNPs. GO-AgMC, exhibited 

peaks at 38.4, 43.4, 63.8, and 73.2, whereas GO-AgNS  38.1, 42.0, 63.8 and 77.5  of 

crystals (111), (200), (220), (311) and (222), respectively (JCPDS no. 04-0783). 

Furthermore, a sharp peak at 32.5 for GO-AgMC and at 27.9 and 33.3 for GO-AgNS 

indicated the presence of an Ag2O crystalline (111) plane (JCPDS no. 76-1393). 

Suggesting a mixture of AgNPs and Ag2O face-center cubic (fcc) structures are present in 

the GO-AgMC. Furthermore, the average crystal size of GO, GO-AgMC, and GO-AgNS 

was calculated using the Scherrer equation: 
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𝛽 = 0.93𝜆/(𝐿𝑐𝑜𝑠𝜃) 

Where the wavelength, full wave half maximum (FWHM) of the most intense peak, and 

the diffraction angle are represented by 𝜆, 𝐿, 𝜃 [79]. Thus, the average crystal size is 8.9, 

2.9, and 1.4 nm for GO, GO-AgMC, and GO-AgNS, respectively. 

Additionally, since AgNPs are prone to oxidation it can be hypothesized that 

surface oxidation of AgNPs in a liquid medium caused the formation of a thin Ag2O layer 

therefore it has the strongest peak intensity while the other Ag2O were too weak to be 

detected. Furthermore, this layer formation can be explained by the expansion of the 

plasma plume while it is cooled, confined, and quenched by the surrounding liquid. At 

extremely high temperatures the ablated species cause the ionization and vaporization of 

the surrounding water thereby forming a plasma-liquid interface. This results in the 

conversion of water into molecular and atomic components. Furthermore, this results in 

the formation of a cavitation bubble that rapidly expands within the liquid medium. 

Consequently, due to the supersaturation state of the hot plasma, GO and water species 

along with the confinement of the liquid medium ionic seeds of a few atoms are formed on 

the GO sheets which further grow to form the nanoparticles. However, during the 

expansion of the cavitation bubble, the concentration of the plasma and liquid species 

rapidly decreases while the concentration of the nanoparticles is maximized. Therefore, at 

elevated temperatures, the right conditions are established for the formation of Ag2O 

nanoparticles [80].  

4.1.4 SEM of GO, GO-AgMC, and GO-AgNS 

The formation of GO, AgNPs, and GO-Ag composites was further supported by 

SEM micrograph. As depicted in Figure 4.4 (a) a typical sheet-like structure with wrinkles 

and folds was visible for GO. These are characteristic of the two-dimensional nature of 

GO. The estimated lateral size was of GO was 26.3 µm  thus making it suitable for the 

deposition of silver ions. Therefore, the high surface area and aspect ratio make GO the 

optimal substrate for the anchoring of AgNPs and the formation of GO-Ag composites. 
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Delamination of GO flakes is observed in the composites due to the prolonged 

sonication of the GO solution. However, a uniform distribution of AgNPs is evident 

therefore indicating a large number of reactive sites present on and within GO layers. 

Additionally, the average size of GO-AgMC, Figure 4.4 (b) and GO-AgNS, Figure 4.4 

(c) was estimated to be, 1.39 µm and 32.4 nm by ImageJ software. The difference in shape 

and size of these composites are crucial for their applications. Moreover, smaller clusters 

and spherical nanoparticles are observed in the GO-AgMC with an average size of. 

Therefore, the GO-AgMC is a mixture of cubic and spherical composite. 

 

Figure 4.4: SEM images of (a) GO, (b) GO-AgMC, (c) GO-AgNS, (d) GO-AgMC after 

3 months. 

To check the prolonged stability of the synthesized GO-AgMC sample, an SEM 

spectrum was taken after three months. The sample was sonicated for 10 minutes, to 

redisperse the aggregated colloidal composite. As portrayed in Figure 4.4 (d) the GO-

AgMC retained its shape and structural integrity however some small particles were 

deposited onto the surface. Whereas, the size of GO-AgNS increased along with the 
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uniform accumulation of small particles on the surface of the composite. Hence suggesting 

that a minor alteration in the surface morphology is caused over time due to the presence 

of unanchored AgNPs. Nonetheless, it could not yet be concluded if this was caused by 

losing their stability over time or by sonication of the sample. This is crucial for further 

studies as the stability of the composite is necessary for the preservation of applications 

based on unique properties. 

 

Figure 4.5: EDS of GO-AgMC. 

As represented in Figure 4.5 Energy Dispersive Spectroscopy (EDS) revealed 

distinctive elemental composition of GO-AgMC. From a specific area, the EDS analysis 

confirmed the detection of carbon (C), oxygen (O), and silver (Ag) with a weight 
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percentage of 29.5 wt%, 67.8 wt%, and 2.8 wt%, respectively. Thereby confirming the 

formation of GO-Ag composite with high purity. In addition, Figure 4.6 illustrates the 

elemental mapping of GO-AgMC distributed over the GO sheet. The oxygen content is 

notably low on the surface of cubic particles thus it can be deduced the Ag2O layer is 

formed in the spherical particles present in the sample instead of the more stable cubic 

particles.  

 

Figure 4.6: Elemental mapping of GO-AgMC. 

4.1.5 Raman of GO, GO-AgMC, and GO-AgNS 

Graphene oxide-based composites have a unique fingerprint region with 

characteristic D band and G band between 1000 cm-1 and 1800 cm-1. Therefore, Raman 

analysis was performed to investigate the variations in the vibrational mode of GO after 

the formation of GO-Ag composites. The results, as plotted in Figure 4.7 show GO 

exhibited distinctive peaks at 1347 cm-1  for the D band and at 1578 cm-1  for the G bands. 

With an ID/IG ratio of 0.85 which is consistent with already reported literature. Indicating 

a less defective and more ordered structure of GO. Upon the formation of composites for 

GO-AgMC, D peaks and G peak are observed at 1354 cm-1 and 1568 cm-1. Thereby slightly 

increasing the ID/IG ratio to 0.86. For the GO-AgNS the D peak is at 1335 cm-1 and the G 
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peak at 1568 cm-1, whereas the ID/IG ratio stays the same as GO; 0.85. Hence the properties 

of GO were preserved after the formation of composites through PLAL. 

 

Figure 4.7: Raman spectrum of GO, GO-AgMC and GO-AgNS. 

Upon depositing AgNPs the Raman signal is considerably enhanced due to the 

SERS effect of AgNPs [64], [81]. However, in the case of GO-AgNS, an increase in the 

intensity of the D band suggests the presences of added defects with a decrease in the sp2 

hybridization of the GO carbon atom. Cobos et.al. have presented a more prominent 

increase in the intensity of the D band upon the formation of a composite [8]. The 

incorporation of spherical nanoparticles within the sheets increases the defects in the 

sample. Thus, it can be deduced that GO-AgMC forms cubic particles adherend to the 

surface of GO instead of intercalating between the sheets. Owing to its micron size of GO-

AgMCs. Furthermore, the increase in G band intensity suggests effective coupling of micro 

cubes with GO sheets hence increasing the overall charge transfer and the electronic 

properties of the nanocomposites. Additionally, for both samples, the peak position shift 

towards higher wavenumbers is attributed to the interaction of deposited AgNPs and GO 

hence, confirming the formation of composites. 
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4.1.6 Zeta Potential 

 

 

 

 

Table 4-1: Zeta potential of GO during prolong sonication. 

The effect of prolonged sonication on the density of the surface charge of GO was 

estimated through zeta potential. As listed in table 4-1 upon increasing the sonication time 

the zeta value shifted to a less negative value from -46 mV to -37 mV. Thereby decreasing 

the lateral dimensions and oxygen-containing groups of GO. However, the shift isn’t 

significant therefore it can be deduced GO was not reduced into rGO. This is further evident 

from the UV-Vis analysis, Raman, and XRD. 

 

 

 

 

Table 4-2: Zeta potential of colloidal synthesised materials. 

Subsequently, upon formation of the composite, further shift is observed in zeta 

values Table 4-2 which indicate a significant alteration in the surface charge density of the 

material. The composites have a value of -36 mV for cubic structure and -30 mV for 

GO Soni  tion Time Zet  Potenti l 

30 min - 46.52 mV 

1 hour 30 min - 44.88 mV 

2 hours - 45.74 mV 

3 hours - 37.32 mV 

M teri l Zet  Potenti l 

Graphene Oxide - 37.32 mV 

GO-AgMC - 36.57 mV 

GO-AgNS - 30.05 mV 
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spherical. All the values are above the -30 mV stability benchmark used for the colloidal 

system. 

4.2 Structure turnability/ parameter optimization of cubic composite 

 

Figure 4.8: SEM image of GO-AgMC at varying parameters; (a) 5 mins, (b) 10 mins and 

140 mJ, (c) 12 mins, (d) 15 mins, (e) 106 mJ, and (f) 172 mJ. 

Figure 4.8 displays the change in GO-AgMC size, thereby changing the density of 

silver content with the variation in laser ablation time and pulsed laser energy. Initially, 
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time is varied from 5-15 minutes while keeping the laser energy, 140 mJ, constant. No 

significant AgNP peak is observed at 5 mins thus the silver content deposited on the 

graphene oxide isn’t sufficient to form cubic nanoparticles. As illustrated in the SEM 

spectra of Figure 4.8 (a) and UV-Vis spectra in Figure 4.9 (a). By increasing the time to 

7 min, the cubic nanocomposite is synthesized while the respective UV-Vis spectrum 

reveals an AgNPs peak at 398 nm. However, it has a notably lower intensity than that of 

the GO present in the composite sample. As the time is further increased to 10 mins 

prominent sharp-edged cubic micro composite is formed with an average size of be 1.39 

μm (Figure 4.8 (b)). The UV-Vis spectrum shows an AgNPs LSPR peak, having a similar 

absorption intensity to that of GO, at 404 nm.  

 

Figure 4.9: UV-Vis spectrum of GO-AgMC at (A) varying time and (B) varying energy. 

Upon further increasing the time it can be observed that the cubic micro-composite 

grows in size with additional deposition of AgNPs however the sharp edges are lost 

(Figure 4.8 (c)). As the time is increased to 15 minutes the cubic structures interact with 

the laser, causing fragmentation thus clusters of particles, without any fixed morphologies 

are formed (Figure 4.8 (d)). While the peak intensity in the UV-Vis graph exceeds that of 

the GO. Therefore 10 mins was chosen as the ideal time for the formation of cubic 

(a) (b) 
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nanostructures. Consistent with previously reported study 1:1 of GO: Ag yields the most 

efficient results [17].   

Subsequently, time was kept constant at 10 mins to vary the pulse laser energy from 

106 mJ to 172 mJ. It was observed at 106 mJ that no absorption peak was detected in the 

UV-Vis graph, Figure 4.9 (b), nor any nanoparticles were visible in the SEM spectra. 

Whereas at 140 mJ perfectly sharped edged microcubes were seen in the SEM spectra  

(Figure 4.8 (e)) and their UV-VIS intensity matched the intensity of GO in the sample. 

Upon increasing the laser energy to 172 mJ a random cluster or fragmented particles was 

observed in the composites SEM spectra (Figure 4.8 (f)) while the UV-Vis peak intensity 

exceeded the GO intensity. Therefore, prolonged ablation time and high laser energy 

should be avoided for the synthesis of GO-AgMC. 

4.3 ANTIBACTERIAL 

The antibacterial assay of the synthesized composite was carried out against gram-

negative (E. coli) and gram-positive (S. aureus) through the Plate Count Method and the 

96-well plate method of determining minimum inhibition concentration (MIC). For 

accurate determination of the bacterial growth, the OD600 was measured using a microplate 

reader. 

4.3.1 GO pH-dependant antibacterial 

Graphene oxide has contradicting antibacterial activity. Some report it to be an 

excellent antibacterial agent with strong dose-dependent cytotoxicity toward both gram-

positive and gram-negative bacteria [82]. While others have reported it to increase the 

bacterial growth (__). Whereas Barbolina et al. reported GO antibacterial activity depends 

on its acidic impurities [32]. While the lateral size, concentration and incubation time does 

not affect the overall susceptibility. Similarly, Montes-Duarte et al. argued that the activity 

of GO was suppressed by the growth medium [83]. To confirm the antibacterial activity of 

the produced, GO the following tests were performed. 
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A. Plate Count Method 

 

Figure 4.10: Antibacterial activity of GO produced at pH 3, 4 and 5.5 against E. coli. 

GO was reproduced using Improved Hummers’ Method and during the washup 

three different pH of GO were obtained. The pH of 3, 4 and 5.5 of GO powder sample was 

incubated with E. coli in the LB broth. The sample were left in a shaking incubator 

overnight and 50 µL of the inoculum was spread on the agar plate to evaluate the bacterial 

growth. As depicted in Figure 4.10, at completely neutral pH; 5.5, GO showed no 

antibacterial activity. With the plate being completely covered by bacterial growth. At pH 

of 4 GO did exhibit some antibacterial activity. However, it still had sufficient bacterial 

growth. Whereas at pH of 3, a prominent antibacterial activity of GO was observed though 

it wasn’t capable of completely inhibiting the growth owing to the low concentration of 

GO used and highly concentrated bacterial inoculum. These results confirmed the finding 

reported by Barbolina et al.  

B. 96 well plate test 

To have a more quantitative and structured test the pH dependent antibacterial activity 

of GO was confirmed using the 96-well plate test. Initially synthesized GO of pH 5.5 was 

used by altering its pH to different pHs. Ascorbic acid was used to obtain acidic pH of 3 

and 4. While Sodium Bicarbonate was used to obtain basic pH of 7 and 8. As shown in 
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Figure 4.11 (a),  ascorbic acid and NaHCO3 themselves didn’t have an antibacterial 

activity therefore the obtained results were that of GO itself. As shown in the 96-well plate 

in the case of pH 3 GO had first 3 clear wells, hence complete inhibition of the bacteria 

was observed. While in the case of pH of 4 only the first 2 wells were clear. Similarly in 

the case of pH of 5.5, 7, and 8, the wells showed prominent bacterial growth with a visible 

butter-like structure being present. 

 

 

  

Hence it was confirmed that GO at pH 3 exhibited proper inhibition of bacteria. 

The microplate photometer was used to obtain the quantitative MIC values of all the 

samples as illustrated in Figure 4.11 (b). The GO of pH of 3 displayed a MIC value of 50 

µL while pH of 4 still had some bacterial growth which was displayed in the microplate 

reading. Consequently, this experiment confirmed that the antibacterial activity is 

dependent on the pH of GO. Since it has been hypothesized that at lower pH GO have an 

increased ROS generation which are crucial for the antibacterial susceptibility.  

 

Figure 4.11: Antibacterial activity of GO at pH 3, 4, 5.5, 7 and 8 against E. coli. 

(A) (B) 
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4.3.2 Composites' shape-dependent antibacterial  

 

 

 

 

 

Under the same synthesis parameters, two different shapes and sizes of composites 

were formed. Spherical nanocomposite with a mean size of 32.4 nm had a similar 

antibacterial activity as the cubic micro-composite with an average of 1.39 µm. By varying 

the time of ablation and pulse laser energy, the size of the synthesized cubic nanocomposite 

can be varied from nano to micrometer. Previous studies have shown GO: Ag of 1:1 has 

the strongest antibacterial activity [17]. Since a lower ratio of Ag content isn’t sufficient 

and higher ratios can lead to aggregation of the composites thereby decreasing the active 

sites and thus the antibacterial activity. Through the help of UV-visible spectrum at a 1:1 

GO-AgMC perfect cubes are formed with sharp edges and uniform dispersion on the 

surface of the GO. Therefore, for this study laser energy of 140 mJ and laser ablation time 
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Figure 4.12: Antibacterial activity of synthesized material and the images of the 96 well plate 

against (A),(B) E.coli and (C), (D) S. aureus, respectively. 
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of 10 mins was set as the optimum synthesis parameters. Following that GO-AgNS were 

synthesized with the same laser parameters, in different DI water. 

As demonstrated in Figure 4.12 both composites have a similar and superior 

activity against E. coli and S. aureus, than that of AgNPs and GO. At such low 

concentrations, no activity was observed against both strains for GO and AgNPs. All of the 

wells had prominent turbidity and increased OD values. For AgNS and GO-AgMC no 

butter-like structure or turbidity was observed in the first three well against E. coli. 

Furthermore, through the OD reading it was confirmed that for complete inhibition of E. 

coli 25 μL of the synthesized composites was sufficient. In the case of S. aureus, only the 

first 2 wells were clear of any turbidity. The microplate reading confirmed that 50 μL of 

the GO-AgNS and GO-AgMC completely inhibited bacterial growth. Therefore 25 μL and 

50 μL were determined to be the MIC values of both composites against E. coli and S. 

aureus, respectively. This agrees with several previously reported results, that state GO-Ag 

composites have better antibacterial susceptibility against E. coli instead of S. aureus. 

AgNPs have been reported to have a size-dependent antibacterial property, with 

smaller spherical nanoparticles having a superior susceptibility due to the ion release 

mechanism and penetration of bacterial cells [84]. However, Holubnycha et al. reported 

bigger cubic AgNPs have five times higher susceptibility due to increased Ag+ ion release 

[85]. Similarly, this study demonstrated that the composite in the form of a micro-cubic 

shape had similar antibacterial activity to that of the nano-spherical shape against both E. 

coli and S. aureus. Since GO-AgMC exhibited a higher ion release than that of the GO-

AgNS. Therefore, it can be deduced that the underlying mechanism of antibacterial activity 

is dependent on ion release, generation of ROS species, and oxidative stress instead of 

mostly depending on the penetration of cell wall by small-size spherical nanoparticles. 

Furthermore, strong anchoring of AgNPs on GO prevents them from being leached off 

from GO upon interaction with bacterial cells. 
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4.4  SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) 

 

Figure 4.13: SERS of methylene blue (MB) with GO, AgNPs, and GO-AgMC. 

The SERS capability of the GO, AgNP and GO- AgMC was verified by performing 

Raman of 1 µM Methylene Blue (MB) with and without the deposition of the samples on 

the substrate. Figure 4.11 shows the Raman signal of GO-MB AgNP-MB, GO-AgMC-MB 

and pure MB. It was observed from the Raman spectrum that the composite GO-AgMC-

MB showed the highest enhancement followed by AgNP-MB. However, GO-MB did not 

show any significant enhancement. 

The reason for the large enhancement factor for the case of GO-AgMC-MB is 

proposed to be because of the synergistic effect between graphene oxide and silver 

nanoparticles. The combination of graphene oxide and silver nanoparticles provides both 

electromagnetic enhancement (via silver nanoparticles) and chemical enhancement (via 

graphene oxide). The strong plasmonic fields that the silver nanoparticles produce is the 
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source of electromagnetic amplification. Additionally, the incorporated graphene oxide 

works as a substrate, not only stabilizing the nanoparticles but also increasing the 

adsorption of MB due to its large surface area and π-conjugated structure. Moreover, the 

presence of graphene oxide stimulates the formation of more "hot spots," i.e. areas where 

the electromagnetic field is intensely localized, further amplifying the Raman signal. 

Therefore, the composite sample can be used to detect chemical pollutants present in the 

environment because of the significant enhancement it can provide in the Raman spectrum. 
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CONCLUSIONS AND FUTURE PROSPECTIVE   

Two main aims of this thesis were, 1) to investigate how the shape, size, and 

stability of graphene oxide-silver composite synthesized by pulsed laser ablation in liquid 

is effected by varying laser parameters to check. 2) The antibacterial activity against 

pathogenic bacteria and their capabilities of detecting organic dyes using surface-enhanced 

Raman spectroscopy. Regarding the effect of laser parameters, it was observed that it is 

possible to improve the properties of GO-Ag composites by accurately tuning different 

laser parameters. In particular, by using optimum laser energy and time of ablation 

perfectly cubic composites with enhanced activities can successfully be synthesized. It is 

important to note that a further increase of laser energy or too high ablation time can result 

in the fragmentation of the already synthesized composites into irregular shapes and sizes. 

Furthermore, an increase in silver concentration causes a decrease in the stability of the 

colloidal solution thus resulting in aggregation. However, under optimum conditions, the 

synthesized composites demonstrate high structural stability over a long course of time.  

Additionally, it was evident by several characterization techniques that improved 

method results in exceptional quality and high yield of GO while PLAL forms clean, 

contamination-free, pure composites with uniform distribution on the GO sheets. It was 

possible to achieve and interpret these results due to the in-depth understanding of the 

fundamental mechanisms involved in the laser ablation in liquid technique and due to the 

insight into how each laser parameter affects the productivity of synthesized nanoparticles. 

Therefore, we can conclude that we succeeded in evaluating the impact of laser parameters 

on the size, shape, and colloidal stability of GO-Ag composites synthesized by the pulsed 

laser ablation technique. However, further studies are required to investigate the role of 

other parameters that significantly affect the productivity and properties of the composites.  

The second part of this thesis aimed to investigate the antimicrobial assay of GO-

Ag composites and their components against two pathogenic bacteria that are the cause of 

various human infections. The conducted experiment verified the effectiveness of GO as 

an antibacterial agent is highly dependent on the acid functionalization thereby the purity 
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of the exfoliated process. Moreover, the shape and concentration of the composites affect 

the antibacterial activity while exhibiting a better result than the individual components, 

GO and Ag. Likewise, the synthesized cubic composites demonstrated improved dye 

detection capabilities than GO and AgNPs. Hence the multifunctional composites offer an 

eco-friendly and feasible solution to address the increasing environmental concerns.  

The current findings can further be improved by exploring the effect of other 

synthesis parameters on the formed materials. Such as the impact of temperature, reaction 

time, and washup during the exfoliation of GO. Or by changing laser parameters in 

different liquid mediums; alcohols, organic solvents, and in the presence of ions and 

surfactants. In addition, the antibacterial and SERS effects of varying sizes of cubic 

composites could be investigated. Similarly, catalytical activity, water purification 

efficiency, antifouling properties, integration into coatings, and long-term stability under 

different environmental conditions could be explored. Lastly, before fully integrating the 

proposed composite in various environmental applications it is essential to know the 

cytotoxicity, ecological safety, and degradation behavior of GO-Ag nanocomposites.  
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