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Abstract

In this work, we report the antibacterial properties of a nanocomposite formed by silver triangular nanoplates
deposited on graphene oxide (AgTNPs/GO). This study proposes an innovative and sustainable method to growth
silver triangular nanoplates onto graphene oxide using a light-induced process. The nanocomposite was synthesized
by an in-situ photoreduction method at di�erent irradiation wavelengths (440, 540, 650 and 200-700 nm) at room
temperature. AgTNPs/GO was characterized using: Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Raman Spectroscopy, UV-Vis Spectroscopy and Photoluminescence (PL). The antibacterial
properties were observed against Gram-negative Escherichia coli by antimicrobial disk di�usion test and optical
density. The results show that the AgTNPs/GO nanocomposite has enhanced the antibacterial properties compared
with silver nanoparticles. This is due to the synergistic e�ect resulting of AgTNPs and GO; AgTNPs by the high
reactivity of the constituent facets (111), and GO for its strong adsorption property originating from the oxygen
functionalities. These results demonstrated that AgTNPs/GO nanocomposite are promising for a wide range of
biomedical applications.

Keywords: Silver nanoparticles, silver triangular nanoplates, graphene oxide, and antibacterial properties.
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Resumen 
 

En este trabajo, reportamos las propiedades antibacterianas de un nanocomposito formado por nanoplatos             
triangulares de plata depositados en óxido de grafeno (AgTNPs/GO). Este estudio propone un método              
innovador y sostenible para el crecimiento de nanoplatos triangulares de plata en óxido de grafeno usando un                 
proceso inducido por luz. El nanocomposito fue sintetizado por un método de foto-reducción ​in-situ utilizando               
diferentes longitudes de onda de irradiación (440, 540, 650 y 200-700 nm) a temperatura ambiente. Se                
caracterizó los AgTNPs/GO usando: Microscopía Electrónica de Barrido (SEM), Microscopía Electrónica de            
Transmisión (TEM), Espectroscopía Raman, Espectroscopía UV-Vis y fotoluminiscencia (PL). Las propiedades           
antibacterianas contra la Escherichia coli Gram-negativa se observaron por medio de la prueba de difusión de                
discos antimicrobianos y la prueba de densidad óptica. Los resultados muestran que el nanocomposito              
AgTNPs/GO mejora las propiedades antibacterianas en comparación con nanopartículas de plata. Esto se debe              
al efecto sinérgico resultante de los AgTNPs y GO; los AgTNPs por la alta reactividad de las facetas                  
constituyentes (111), y GO por su fuerte propiedad de adsorción originada por los grupos funcionales. Estos                
resultados demostraron que los nanocompositos AgTNPs/GO son prometedores para una amplia gama de             
aplicaciones biomédicas. 

 

Palabras Clave: 

Nanopartículas de plata, nanoplatos triangulares de plata, óxido de grafeno y propiedades antibacterianas. 
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Chapter 1

Introduction

1.1 Nanotechnology

The miniaturization of electronic devices is one of the scientists aims since 19651. Scientists proved that by
arraying large numbers of microscopic transistors on a single chip, microelectronic circuits could be built with
improved performance, functionality, and reliability without neglecting costs. G. Moore informed that the number
of transistors on integrated circuits has been doubling approximately every 2 years since 19652. On the other hand,
Richard Feynman presents the first concept of nanoscience as a talk to the American Physical Society in 1959 under
the title 00 There’s plenty of room at the bottom 00. In this talk, Richard Feynman described the exciting possibilities
that would open up if scientists could learn how to control single atoms and molecules, and improve the performance
of instruments, such as electron microscopes1.

The invention of a scanning tunneling microscope (STM) in 1981 was a breakthrough in the investigation of
material with atomic resolution and the atom–by–atom manipulation2. These events allowed nanotechnology to
emerge as the science that handling the matter at the atomic scale. Besides, the nanotechnology is defined as the
understanding, control, and restructuring of matter at the nanoscale (1-100 nanometers), remembering that one
nanometer equals a billionth part of a meter (10�9m), to create materials with fundamentally improved properties
and functions3.

1.2 Nanomaterials

With the improvement of electron microscopes, scientists were able to study the materials at nanoscale called
nanomaterial field. A nanomaterial is characterized by having at least one dimension in the nanometer range, and
thus it can be classified as (i) 0D when the three dimensions are less than 100nm (nanoparticle, nanoclusters, quantum
dot), (ii) 1D when two dimensions are in the nanoscale range (nanowire, nanotube), (iii) 2D when just one dimension
is less than 100nm (monolayer) and (iv) 3D when any dimension is at nanoscale (nanostructured materials)4.

1
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Besides, nanomaterials can be classified by the kind of constituent materials as organic, inorganic, and carbon-
based. These nanomaterials have great importance due to the small size of the building blocks and the high
surface–to–volume ratio5. These characteristics allow having unique structural, optical, thermodynamic, electronic,
spectroscopic, electromagnetic, and chemical properties4. The control method of the properties is subjected to the
preparation of nanomaterials. There are two types: the first is top-down in which larger structures are reduced in size
to the nanoscale while maintaining their original properties without atomic–level control. The second is the bottom-
up method or molecular manufacturing, in which materials are designed from atoms or molecular components
through a process of assembly or self-assembly3.

Several methods are used to fabricate nanomaterials to have a controlled synthesis, top-down: Lithography,
grinding, bottom-up: Chemical Vapor Deposition (CVD), laser ablation, thermal decomposition, hydrothermal
synthesis, photochemical synthesis, and others. Controlled synthesis benefited to the industry allowing some critical
nanomaterials applications which are the following: (i) nanopowders of ceramics, (ii) nanocomposite, (iii) nano
electrochemical systems, (iv) applications of nanotubes for hydrogen storage, (v) DNA chips, (vi) gene targeting/drug,
and (vii) nanoelectronics and nanodevices4.

1.2.1 Silver Nanoparticles

Nanoparticles have advantageous properties such as high surface area to volume ratio, which is inversely proportional
to the radius of the nanoparticle, and it is related to the reactivity6. Noble metal nanoparticles (Ag, Au, Pt) are of
great interest due to their are resistant to corrosion and oxidation7. In addition, they have useful and advantageous
electronic and optical properties for a wide range of applications8. Their properties were used since ancient times
for example in stained glasses9. Medieval artists dabbled in alchemist, they mixed gold and silver metal chloride
with the molten glass to give dyes as yellow and red, which shines with the sun light9. One example of its optical
properties is the Notre Dame Catedral of Paris stained glass10. When the sunlight touched the stained glass, the silver
and gold nanoparticles present act as reflectors; they catch all the wavelengths that come from the sunlight and, then
they reflects one10. The wavelength reflected is in the visible range of the spectra, and it depends on the particle size
and shape10. Thus, the optical properties of metal nanoparticles are strongly dependent on their size and shape11.
Optical properties are unique of noble metal nanoparticles and have potential applications such as chemical sensors,
catalysis, antibacterial agent, optoelectronic devices, surface enhanced Raman spectroscopy, molecular diagnostics,
among others8. Among the noble metals, silver is of great importance owing to it is photo-sensitive to light; it has
the most e�ective light trapping potential11, and it has been recognized as an e�ective antibacterial agent12.

Silver Triangular Nanoplates

Depending on the method used to produce nanoparticles, either top-down or bottom-up, di�erent shapes as
nanoprisms can be obtained11. Nanoprisms term involves anisotropic structures such as hexagonal, pentagonal,
polyhedron, tetrahedron, octahedron, planar twinned, right bipyramid, and triangular nanoplates shapes13. When
the lateral dimension of silver triangular nanoplates is much larger than the thickness, they possess an extreme degree
of anisotropy14. Figure 1.1 shows a scheme of di�erent anisotropic structures with the facets that constitute them as
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(100) and (111)13.

Figure 1.1: Scheme of di�erent anisotropic structures. Adapted from Zhang J. et al..
13

The facets (111) are high-atom-density coming from the face centered cubic (fcc) configuration that silver
nanoparticles have. Figure 1.2 shows the fcc structure and (111) facets.

Figure 1.2: Scheme of face centered cubic configuration and (111) facet. Adapted from Escudero Maria15

The optical behavior of metal nanoparticles results from the interaction of their free conduction electrons with
the incident light16. Then, when the oscillating electric field given by the incident light resonantly couple with the
conduction electrons, it results in a surface plasmon resonance (SPR)10. SPR appears as an intense band in the
absorbance spectra and depends on the structural characteristics of the nanoparticles, such as their size and shape17.
It has been reported that anisotropic shaped nanoparticles can have more than one band in their spectra due to the
di�erent resonance modes that their structural configurations can generate16. Figure 1.3 shows the characteristic
resonance modes for silver triangular nanoplates.
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Figure 1.3: Illustration of di�erent resonance modes for silver triangular nanoplates (a) in-plane dipolar resonance,
(b) in-plane quadrupolar resonance and (c) out-of-plane quadrupole resosnance. Adapted from Yao H. and Shiratsu
T.18

Figure 1.3 shows three main resonance modes corresponding to the triangular nanoplates anisotropic structure.
1.3(a) present the in-plane dipolar resonance, here can be seen two polarities (due to the electric field applied)
represented with the symbols + and -, also, the dashed lines indicate the geometrical orientation of collective
electrons oscillations18. When these resonance modes oscillates at the same frequency of the light induced, results
in a surface plasmon resonance (SPR) which appears as a strong band absorption in the UV-Vis spectra16. It is
assumed that the magnetic field applied is perpendicular to the page18. Fig. 1.3(b) shows the in-plane quadrupole
resonances in which four polarities causing four di�erent orientations for the electron oscillation are observed16.
Finally, Fig. 1.3(c) exhibits out-of-plane quadrupole resonance that generates weak SPR in the UV-Vis spectra18.

Synthesis of Silver triangular Nanoplates

The synthesis method used to obtain silver triangular nanoplates have allow to control of nanoparticles size and
shape11. The best candidates are the chemical reduction method19 and the photochemical reduction method11.
Figure 1.4 presents an scheme of the two methods used to control the size and shape of silver nanoparticles.
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Figure 1.4: Chemical reduction and photochemical reduction methods to synthesize silver triangular nanoplates.

Fig. 1.4 shows the two methods to control the size and shape of nanoparticles. The chemical reduction method
needs two main components: a metal precursor that usually is silver nitrate (AgNO3), and a reducing agent that
commonly is the sodium borohydride (NaBH4)11. While the photochemical reduction method uses the chemical
reduction to produce silver nanoparticles seeds, as a colloidal suspension, and then they are irradiated with light,
generally by lamps, or high power light emission diodes (LEDs) to promote an oriented growth of nanoparticles19.
Saade and Araújo11 used LEDs to irradiate the sample with a selected wavelength � from the visible spectra11.

The oriented light-induced (photochemical) growth depends of the silver nanoparticles seeds shapes13. Generally,
seeds nanoparticles have a very small size, around from 5-8 nm20. Pal S. et al. reported that small silver nanoparticles
around 5-8 nm has quasi-spherical and planar twinned anisotropic shapes, which are results of defects present such
as stacking faults and planar twin19. Therefore, the pathway of growth depends on the initial shape of AgNPs13.
Figure 1.5 shows the growth pathways from quasi-spherical and planar twinned, to triangular nanoplates.
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Figure 1.5: Growth pathways from quasi-spherical and planar twinned, to triangular nanoplates. Adapted from
Zhang J. et al.

13.

Fig. 1.5 exhibits the growth pathways of quasi-spherical and planar twinned seeds. From the quasi-spherical form,
through the photo-induced process a planar twinned shape is obtained13. Then, over time progresses, several shapes
can result such: right bipyramid, truncated bitetrahedra, truncated right bipyramids, and triangular nanoplates13. The
anisotropic shapes contain di�erent facets represented as: light blue the (111), and the dark blue (100). Therefore, the
oriented growth by photochemical reduction method is applied to produce specific structures containing preferential
facets as desired11. Others polyhedrons shapes such as tetrahedron, icosahedron, decahedron and octahedron can
results, due to the final nanoparticle shape is mainly dependent of the initial structure19.

Size and shape of nanoparticles depend on the variation of the metal precursor and the reducing agent amounts,
as well as the time, light intensity and irradiation wavelength19. Other components are used in the chemical
synthesis to promote anisotropic structures such as hydrogen peroxide reported by Zhang Q. et al.

19, and capping
agents-stabilizers such as trisodium citrate (TSC) reported by Saade & Araujo11 .TSC additional component create
a capping agent which charges negatively the nanoparticle, creating repulsive electrostatic forces between them11.
Several combination of components are reported11,13,19, the variation of all of them influence in the final size and
shape of nanoparticle.
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1.2.2 Graphene Oxide

Carbon-based nanomaterials are those made up of carbon atoms with di�erent structural configurations such as
fullerenes, carbon nanotubes, graphite, graphene and diamonds21. Di�erent hybridization states such as sp, sp2,
or sp3 are also responsible for several types of structures.22. Especially, graphene carbon-based nanomaterial
present extraordinary advantageous physical, chemical, mechanical, and electronic properties for applications such
as sensors, antimicrobial agents, surface enhanced Raman spectroscopy, etc21.

Graphene oxide (GO) is a 2D carbon-based nanomaterial that has a monolayer of carbon atoms packed into a
honeycomb crystal structure. Because of its unique nanostructure and fascinating properties, GO sheets are attractive
as potential nanoscale building blocks of new nanocomposites. One of the most common methods to prepare GO is
the chemical exfoliation of graphite in an aqueous medium, which produces oxygen functional groups in graphene
sheets. Figure 1.6 shows the graphene oxide structure, in which the functional groups resulted from the chemical
exfoliation of graphite are indicated.

Figure 1.6: Illustration of graphene oxide (GO) with oxygen funtionalities at the surface and edges such as carboxylic,
hydroxyl, epoxide and carbonyl. Adapted from Nanografi23.

The presence of the oxygen functionalities at the graphene surface provides reactive sites for the nucleation and
growth of metal nanoparticles (Au, Ag, Cu)24. Thus, graphene oxide is an ideal support material for the dispersion of
metal nanoparticles25. Besides, the polar oxygen functional groups on the surface make it hydrophilic and dispersible
in water26. The significant e�ects produced in the association of graphene oxide with metallic nanoparticles promise
potential applications such as chemical sensors, energy storage devices, antibacterial agents, among others, that have
attracted the attention of researchers12,24,27–29.
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1.3 Nanocomposite

Nanocomposite is constituted by the combination of two materials, where at least one of them is in the nanoscale30.
One of these materials acts as a base, matrix, template, or support material, and the other is the reinforcement
nanomaterial added to improve physical or chemical properties either optical, magnetic, electrical, chemical, me-
chanical, catalytic, among others31. Therefore, the nanocomposites are multifunctional materials promising many
applications in chemical sensoring, hydrogen storage, biomedicine, drug delivery, tissue engineering, energy storage,
antibacterial activity, coatings, etc.32.

Depending of the base material used, the nanocomposites can be classified as: polymer-based, metal-based,
ceramic-based, metal-based, and graphene-based31. Polymer-based nanocomposites consist of a polymer o copoly-
mer having a nanomaterial dispersed in the polymer matrix31. One example of a polymer-based nanocomposite is
the dispersion of carbon nanotubes in the polymer matrix, in order to reinforce thermosetting (epoxy) and thermo-
plastic polymers (polyethylene)32. Carbon nanotubes reinforced nancomposites improve mechanical properties of
polymer materials30. Another example of polymer-based nanocomposites is the addition of copper at the surface
of cotton fiber, to enhace antimicrobial, antiviral, and antifungal properties20. Besides, polymer-based composites
are significant for biomedicine applications, due to its capability of interact with biomolecules33. One of the most
important advances in medicine is the use of biocompatible polymers (PHAs, PLGA)34 as coatings to carry the drug
for specific sites of the human body, as an alternative for cancer treatment33.

Another type of nanocomposites is ceramic-based, which has significant commercial applications in highly
e�cient gas turbines, aerospace materials, automobiles, etc30. The nanocomposite matrix is constituted of ceramic,
and it occupies most of the volume32. Examples of ceramics are often from the group of oxides such as nitrides,
borides, silicides, whereas the second material is usually a metal31. Ideally, both components are finely dispersed in
each other, in order to obtain specific optical, electrical, magnetic, and protective properties31. Ceramic combined
with metal o�ers a solution for ceramic materials problems, such as fracture toughness and strength, degradation of
mechanical properties at high temperatures, and poor resistance to creep30. For example, the incorporation of metal
nanoparticles into ceramics such BaTiO3, ZnO, or cubic ZrO2, can significantly improve mechanical strength for
electric devices operating in several environmental conditions30.

Metal-based nanocomposites consist in a metal matrix with the integration of semiconductor or metal oxide
components35. These nanocomposites exhibit enhanced optical properties, photocatalytic activities, and ultrafast
carrier dynamics28. Among the base metals, platinum Pt is the most e�ective electrocatalyst for methanol oxidation
reaction, formic acid oxidation reaction, and oxygen reduction reaction35. Metal-based nanocomposites composed
by iron and chromium with aluminum oxide are used to enhace the strength of materials, it has applications in
automobile, and aerospace industries36. In this type of nanocomposite, metal nanoparticles can be included. For
example, metal nanoparticles are coated with polymers33. Gold nanoparticles covered with polymer (chitosan, PVP)
are used for cancer treatments37. The functionalization of gold nanoparticles with polymers has the aim of performing
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localized targeted treatment, and represents an alternative for non-invasive treatments avoiding secondary damages37.

Finally, graphene-based nanocomposites are generally made of metal nanoparticles dispersed on graphene
layers38. Graphene oxide (GO) is preferred to make these nanocomposites, due to the oxygen functionalities present
at the surface and edges, which are reactive sites for the dispersion of metal nanoparticles28. Graphene oxide
with metal nanoparticles system has applications in energy storage, chemical sensoring, catalysis, and antibacterial
activity39. One example of these nanocomposites involve the presence of silver nanoparticles (AgNPs), which are
recognized by their antibacterial properties and applications in biomedicine26. Figure 1.7 shows a nanocomposite
graphene oxide with silver nanoparticles (AgNPs/GO).

Figure 1.7: Example of graphene-based nanocomposite, silver nanoparticles dispersed on graphene oxide nanocom-
posite(AgNPs/GO). Adapted from Huang L. et al.

39.

Fig.1.7 shows silver nanoparticles dispersed on graphene oxide flake, which acts as a support material40.
The dispersion is made by electrostatic attractions due to di�erent charged of nanomaterials28. These kind of
nanocomposites have three advantages:; first the graphene oxide prevents the oxidation of silver nanoparticles, and
thus enhance the chemical stability, second the graphene oxide provides reactive sites for nanoparticles dispersion,
and third this hybrid material is suitable for further functionalizations41. Within the wet-chemistry methods the last
decade, have become a powerful tool to direct the synthesis of these (AgNPs/GO) nanocomposites30.

1.4 Synthesis of AgNPs/GO Nanocomposite

Several methodologies have been used to synthesized AgNPs/GO. One of the most used is the chemical reduction
method; it consists of two steps: the first one is the dispersion of graphene oxide in a solvent (water, ethylene
glycol)42, and the second one is the addition of silver precursor and a reducing agent to form nanoparticles on the
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graphene oxide43. Another way to use this chemical reduction method is by a separated procedure, in which first the
graphene oxide (GO) is dispersed, while silver nanoparticles are sepparatelt formed. Finally the GO solution and
silver nanoparticles colloids are pocked in the same container and mixed by stirring44. Figure 1.8 shows an scheme
of the chemical reduction method for synthesize silver nanoparticles in the presence of GO.

Figure 1.8: Scheme of the chemical reduction method, silver nanoparticles formed in the presence of graphene oxide.

Fig.1.8 shows a representation of silver nanoparticles as blue light spheres, graphene oxide with their oxygen
functionalities as carboxylic, hydroxyl, epoxide, and carbonyl which are reactive sites for the dispersion and growth
of metal nanoparticles24. Beside, the scheme exhibits a common beaker with three main components to synthesize
AgNPs/GO nanocomposite. The first component is a dispersed GO. Graphene oxide can be dispersed in water, with
stabilizer agents as polyvinyl alcohol26. Then, a metal precursor silver nitrate AgNO3 is added as to be reduced by
sodium borohydride NaBH4 in the presence of GO. However, due to the use of a reducing agent in the presence of
the GO, di�erent results can be obtained as the reduction of functional groups44. Silver nanoparticles are deposited
on graphene oxide through physical adsorption, in which electrostatic attractions play an important role41. Graphene
oxide is negatively charged and nanoparticles ends with a neutral charge, due to the reduction of silver ions Ag+ to
Ag0 45. Some researchers have been reported this method: Huang L. et al.

39 reported the synthesis of AgNPs/GO
nanocomposite through chemical reduction, they used AgNO3 on the GO matrix, and NaBH4 directly reduced them.
Moraes A. et al.

46 reported a chemical reduction process, they first dissolved GO flakes and then, they added silver
precursor and reducing agent to produce silver nanoparticles. Tang J. et al.

27 used the chemical reduction method,
as well as mentioned above, silver precursor AgNO3 powder was added to the GO solution and reduced.

Unlike the reduction of silver precursor in the presence of GO method, the method in which the silver nanoparticles
synthesized are mixed with GO, ensures that the properties of GO are more likely to be maintained47. Figure 1.9
exhibits an scheme of the chemical reduction method for synthesize silver nanoparticles apart from graphene oxide.
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Figure 1.9: Scheme of the chemical reduction separated method, silver nanoparticles formed apart from graphene
oxide.

In the Fig.1.9 it is exhibited three beakers (from the left to the right): the first beaker represents graphene oxide
dispersed in water, the third beaker contains the colloidal solutions of silver nanoparticles, generally formed by
the reduction of a metal precursor AgNO3 by sodium borohydride NaBH4. Reports that use this kind of chemical
reduction method are: Zhang D. et al.

44 reported a separated chemical reduction method, silver nanoprisms colloid
was formed first, then graphene oxide is dispersed, and finally they were mixed together. Ma J. et al.

47 prepared
silver-modified graphene oxide by the modification of GO with Ag nanoparticles previously prepared using a glucose
reduction method.47

1.5 Antibacterial properties and synergistic e�ect of AgNPs/GO Nanocom-

posite

It is known that silver nanoparticles (AgNPs) show strong inhibitory and antibacterial e�ects48 due to their posses
higher surface-to-volume ratio as compared to bilk materials, which directly influence in the antibacterial activity49.
However, when the nanoparticles come into contact with the bacteria cell membrane, they tend to agglomerate and
lose this important property47. In order to protect the high surface reactivity of nanoparticles, graphene oxide (GO)50

is an ideal support material. In addition, due to GO has strong adsorption properties for its oxygen functionalities,
bacterial cells could be attracted, increasing the contact between them and improving the antibacterial activity of
AgNPs and GO51. It should be considered that E. coli bacteria membrane and GO sheets are negatively charged,
so they would repel each other39. Nevertheless, the lipopolysaccharide subunits in the outer membrane of E. coli
contain sugars, phosphates, and lipids47, while GO have oxygen functionalities and therefore hydrogen bonding
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could be formed52. Hydrogen bonding contributes with the adhesion of E. coli cells onto GO and so, as a first cell
damage, it blocks the cells from intaking nutrient47.

The antibacterial contribution of graphene oxide is given by adhesion properties, which depend on sheet size,
layer number, and hydrophilic surface53. Bacteria can be isolated from the nutrient media when it is wrapped (small
sheet) or entrapped (large sheet >20 µm) by GO sheets, leading to cell death53. The layer number determines the
bending sti�ness, as the layer number decreases the absorptive capacity increases54. Bacteria prefer hydrophobic
surfaces which creates strong binding forces, in contrast hydrophilic interactions are a reversible/irreversible process,
which is a vulnerable adhesion54. Additionally, since GO has thin sharp edges they can pierce the bacteria membrane,
resulting in a disruption of membrane permeability which alters the passage control of extracellular things, beneficial
for the nanoparticles antibacterial activity54.

Graphene oxide antibacterial activity is also altered when they act alone, they tend to aggregate due to strong
inter-plane interactions, decreasing their surface area property53. The deposition of AgNPs on GO produces a
decrease in the negative charge and hydrophilicity facilitating the contact between the E. coli cells and AgNPs/GO
nanocomposite47, and enhancing the antibacterial activity of AgNPs. The first damage is to the bacterial cell
membrane due to silver nanoparticles interact with the sulfur containing proteins of cell walls50. Intracellular an-
tibacterial e�ects are given by the addition of silver ions coming from the oxidation reaction of silver nanoparticles45.
Positively charged silver ions interrelate with negatively charged lipids and proteins on cell membranes, due to elec-
trostatic attraction51, resulting in the increase of membrane permeability55,56. Selective permeability of membrane
controls the substances passing in and out, therefore an alteration can change the cells morphology and their function7.

Besides, silver ions are more likely to interact with transport or respiratory chain enzymes that are vital to the
cell function and they are localized in the inner mitochondrial membrane57. E. coli possesses two di�erent NADH
dehydrogenases enzymes58, which produce possible sites for Ag+ binding57. This binding in the respiratory chain
causes an ine�cient passage of electrons to oxygen at the terminal oxidase, which produces reactive oxygen species
(ROS), such as superoxide anion radical, hydrogen peroxide and hydroxyl radical51, as a disturbance of bacterial
antioxidant defense54. At high concentrations they interact with biomolecules causing oxidative damage, such as
denaturation, fracture and cross linking51. Other intracellular a�ections are related to DNA damage and protein
deactivation51. When the silver ions interact with the DNA, they turned into a condensed form a�ecting the ability
to replicate59. While for proteins thiol group is responsible for enzymatic activity and when they react with Ag+

ions result in the inactivation of proteins60 .

Figure 1.10 shows a scheme of Ag+ ions antibacterial activity in the bacteria cell that it can be membrane
disruption, DNA condensation, protein damage, and ROS species51.
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Figure 1.10: Scheme of bacteria cell structure and antibacterial activity of AgTNPs/GO nanocomposite. Silver
ions coming from the nanocomposite have a disruptive interaction with the cell membrane of bacteria, resulting
intracellular antibacterial e�ects. Adapted from Song B. et al.

51

Described in four phases: i) the first stage consists in the oxidation of AgNPs deposited on GO, by dissolved
oxygen61, ii) the second phase requires the contact between Ag+ ions and bacterial cells55,62, iii) the third phase
involves a disruptive interaction of silver ions with bacteria, through binding membrane proteins or phospholipid
bilayer, then more silver ions or even the nanocomposite are allowed to pass59, finally iv) the fourth phase consists
in the direct binding of Ag+ ions with proteins, lipids, enzymes, DNA, and the oxidation of them by generating ROS63.

Antibacterial properties of silver nanoparticles deposited on graphene oxide are strongly dependent on the
synergistic e�ect of these nanomaterials50. synergistic e�ect is a simultaneously antibacterial contribution from
AgNPs and GO. This e�ect is also called the capturing-killing process, and it depends on the strong adsorption
properties of graphene oxide51. The capturing-killing process is due to the functional groups present at the surface
and edges of the graphene sheets28. On the other hand, silver nanoparticles antibacterial activity depends of their
shape49. It has been reported that anisotropic nanoparticles have better antibacterial e�ciency than spherical, due
to the presence of (111) high-atom-density facets on its structural configuration49, as Fig. 1.2 shown.

1.6 Antibacterial Applications

Metal nanoparticles have great importance in the biological field, specifically in antibacterial studies26. Silver is
most attractive due to its low cost and small negative environmental impact64. It has been known as an antibacterial
agent for centuries. Silver nanoparticles (AgNPs) themself can directly cause bacterial cell membrane damage,
leading to increased permeability, and eventually result in cell death47. An excellent example of the antibacterial
properties use is the wound dressing for skin repair and regeneration; it acts against infections caused by E. Coli or
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Staphylococcus aureus bacterias65. The AgNPs are incorporated with other polymers as PVA to enhance stability,
this final composite was found biocompatible and significantly inhibited the growth of bacterias65. Further, these
are used as nanoporous silver powders with particle size between 50-100 nm encapsulated for gradual release66.
Graphene is also an attractive material for these dressings, due that it a�ects the proliferation of prokaryotic cells
and promotes healing by lowering infection and enhance proliferation of fibroblasts65.

Medical devices have also taken advantage of the silver nanoparticles. The catheter is the best example since it
must have to avoid infections, due it is placed in the human body for a prolonged time66. This device is described
as any small tube that is inserted into the body for medical purposes either for providing a route for drainage,
to provide medicine, diagnostic treatment, among others67. Silver nanoparticles coatings have been developed to
prevent infections in catheters66. The advantage is that silver nanoparticles are produced by a proprietary process
and do not require a binder since the nanoparticles adhere to the material by surface forces. Silver coatings are also
used for imaging enhancement, drugs, or electrical stimulation66.

Ag/Graphene nanocomposites have been used as membrane antibacterial agents68. This combination can
improve the hydrophilicity, mechanical property, and permeability which exhibited significant antibacterial adhesion
property41. The modified membrane can be used in the separation-desalination membrane process for water
purification. Another application of this nanocomposite is in plant protection and nutrition. The DNA-directed
AgNPs grow on GO composite and acts as an antibacterial agent against Xanthomonas performans, which is useful
in tomatoes cultures41. In another way, the nanocomposite could increase surface enhanced Raman spectroscoyp
(SERS) activity, electro catalytically active surface area, and stability for sensors41. Ag/Graphene can improve the
signal in EM sensors based on the enhancement of localized electromagnetic field that comes from the localized
surface plasmon resonances (LSPRs) of noble metal nanoparticles41.

1.7 Reported Studies of AgNPs/GO antibacterial properties

Ag/GO nanocomposites research field promises the improvement of optical, electronical, mechanical, and antibac-
terial properties. Di�erent methodologies are used to produce these nanocomposites which generate applications in
wound dressing, medical devices, coatings, catalysis, SERS, and antibacterial agents28,62,65. The study of antibacte-
rial properties is very useful and important for the field of biomedicine. Currently, bacteria are showing resistance to
traditional antibiotics such as ampicillin50. Its instability limits its application, and Ag/GO nanocomposites, which
are inorganic materials with stable properties50, becomes an alternative antibacterial agent. Therefore, the synthesis,
characterization, and antibacterial properties study of Ag/GO nanocomposites are critical issues these days.

Graphene-based nanocomposites have been widely studied to improve their properties and applications. The
deposition of silver nanoparticles on graphene (acting as a supporting material) results in enhanced antibacterial
properties26. Few studies of this nanocomposite have been published12,12,27,28,40 taking focusing on di�erent syn-
thesized methods, nanostructural studies, and antibacterial applications. He et al.

41 reported the advancement of
Ag graphene-based nanocomposites in which an overview of the synthesis and its applications are detailed. The
methods used to synthesize Ag/GO and Ag/rGO are; the reduction method of silver nanoparticles in the presence
of GO (detailed in Fig. 1.8), and the reduction method separated (detailed in Fig. 1.9), respectively69,70. In the
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deposit method, AgNPs are prepared firstly and then deposited on GO sheets and, in the chemical reduction method,
various reductants such as borohydride, sodium citrate, ascorbic acid, and dopamine are used. They conclude that
nanocomposites improve antibacterial activity than the individual nanomaterials.

Jaworski et al.
28 present a nanocomposite with silver nanoparticles (Ag NPs) on the surface of graphene oxide

(GO) as an antifungal material. The nanocomposite was synthesized by an ultrasonic coating of polyurethane foils
with suspensions of Ag NPs and GO. The antibacterial results showed that the decoration of GO with Ag NPs
promotes a synergistic e�ect that reaches an inhibition growth of 88.6% of E. coli28. Shao et al.

12 reported a
green synthesis to prepare GO decorated with Ag NPs based on chemical reduction, which involves reduction and
stabilization by glucose and starch. The nanocomposite showed an antibacterial ratio of 98.36% E.coli. (based on
the numbers of bacteria colonies incubated). Huang et al.

39 reported an in-situ chemical reduction method to prepare
Ag NPs/GO that consists mainly of reducing di�erent volume AgNO3 solution on the surfaces of GO with NaBH4

as reductant. The results of the nanocomposite showed that the loading of AgNPs in the nanocomposites is a crucial
parameter for antibacterial activity. The antibacterial activity against E.coli is tested by measuring in the diameter
of inhibition zone (DIZ) in a disk di�usion test, resulting in that clear and significantly larger DIZs surrounded the
disks supporting AgNPs/GO nanocomposites.





Chapter 2

Motivation

The motivation for this project is focused on two points: the study of the antibacterial properties of silver triangular
nanoplates deposited on graphene oxide nanocomposite comparing with silver nanoparticles, and the synthesis of
the nanocomposite by photoreduction method.

As was discussed above, several reports have have been published about the synthesis, characterization and
antibacterial properties of Ag/GO nanocomposites. All of these reports present silver nanoparticles with a spherical
shape, with no focus on changing the morphology of the nanoparticles. However, Pal S. et al.

49 reports the influence
of the shape on the antibacterial properties of silver nanoparticles, concluding that the facets (111) are beneficial. For
this reason, we decided to change the shape of the nanoparticles in the nanocomposite and study their antibacterial
properties, comparing them with AgNPs (spherical nanoparticles or triangular alone). On the other hand, most of
the reports described use the chemical reduction method to synthesize AgNPs/GO nanocomposites, due to it is a
quick and easy method of obtaining well-dispersed nanoparticles. However, this method does not allow control of
the size and shape of the nanoparticles, and sometimes change the properties of graphene oxide resulting in reduced
graphene. Thus, the photochemical reduction method is used to promote anisotropic forms containing the facet (111)
as triangular nanoplates, and to maintain the properties of graphene oxide.

The aim of this research graduation project is to study the antibacterial properties of nanocomposite silver
triangular nanoplates deposited on graphene oxide (AgTNPs/GO), and compared with AgNPs. This will be achieved
through 3 steps; first the nanocomposite AgTNPs/GO is synthesized by a di�erent, facile and low cost in-situ

photoreduction method. Second, the nanocomposite is characterized with Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Raman Spectroscopy, UV-Vis Spectroscopy, and Photoluminescence
(PL) techniques. Finally, AgTNPs/GO antibacterial properties are tested with the antimicrobial disk di�usion test
and optical density, against E. coli as bacteria model. Experimental results showed that AgTNPs/GO nanocomposite
enhanced the antibacterial properties as compared to AgNPs.
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2.1 Problem Statement

Silver triangular nanoplates deposited on graphene oxide enhanced the antibacterial properties against E. coli than
silver nanoparticles either spherical or triangular nanoplates, alone.

2.2 General and Specific Objectives

2.2.1 General Objective

Study the antibacterial properties of AgTNPs/GO nanocomposite.

2.2.2 Specific Objectives

• Synthesize the AgTNPs/GO nanocomposite.

• Characterize the AgTNPs/GO samples using: SEM, TEM, Raman, UV-Vis and PL techniques.

• Test and compare the antibacterial properties of AgTNPs/GO nanocomposite and AgNPs against E. coli.



Chapter 3

Characterization Techniques

3.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) obtains two-dimensional topographic images with magnifications of 10 to
10,000x in various materials surfaces71. The operation of the SEM can be described by the working principle of the
main components, and various subsystems71. Figure 3.1 shows the essential components of the SEM, which are the
electron gun, the lens system, the electron detectors, and the Digital Image Scanning system (DISS).

Figure 3.1: Typical lens system of a conventional SEM, electron gun, deflection system, apertures, DISS and the
electron detector. Adapted from Krzyzanek V. et al.

72
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The area of the sample to be analyzed is irradiated with a finely focused electron beam, which can move across
the surface of the sample to form images or can be static to obtain a spot analysis73. The electron beam is produced
by an electron gun, which generates and accelerates the electrons to an energy in the range 0.1-30 keV74. This energy
is adjustable to provide a stable beam of electrons74. The electron gun is responsible of the probe size at the sample,
if it is large the image will be not sharp73. Therefore, a electrostatic or electromagnetic field is needed to focus the
electrons71. Electromagnetic lenses are used due to its smaller aberrations, they demagnify the image of the beam
crossover in the electron gun to promote sharpness74. There are two main types of electromagnetic lenses: condenser
and objective.; condenser lenses controls the amount of demagnification for a particular imaging mode73. While
objective lenses focuses the electron probe onto the sample surface, and contributes additional demagnification71.
Between these lenses, there are the scan coils used to sweep the beam across the specimen73. Then, the objective
aperture controls the aperture angle that minimizes not desired e�ects of aberrations on final probe size, promoting
sharp images73.

The final electron probe interacts with the sample at high depth of field allowing to obtain topographic images of
the surface, as well as qualitative information of the elemental composition74. From the interaction of electron beam
and specimen, a current is released and amplified to be collected by an electron detector71. The resulting current is
mainly composed by scattered electrons, which are dependent of the measurement conditions (electron beam energy,
probe size, demagnification, objective aperture), and sample composition71.

As the beam electrons enter the sample, they interact as negatively charged particles with the electrical fields of
the specimen atoms73. The beam-specimen interaction can deflect the beam electrons, causing them to scatter73.
When the electrons leaves the specimen, the process is called backscattering74. Backscattered electrons results
from an elastic scattering, where the kinetic energy is conserved73. The probability of elastic scattering increases
strongly with atomic number, due to heavier atoms have a much stronger positive charge on the nucleus73. The
beam electron loose energy while it is propagating through the sample, this energy is transferred to the specimen
atoms causing inelastic scattered73. Inelastic scattering give useful imaging signals such as secondary electrons, and
analytical signals such as rays74. For low atomic number, inelastic scattering is relatively more probable, the beam
tends to penetrate the specimen and the electron energy decreases71. This decrease allows elastic scatters to occur
now71. Backscattered and secondary electrons are the principal signals used to form images73. These signals carry
information mainly about specimen composition and topography73.

SEM images are formed by the simultaneous contribution of backscattered and secondary electrons signals71.
Both scattered electrons travel through the specimen to get out or back to the surface, so they can be influenced
by subsurface features73. Then, these electrons signals carry information about the topographic characteristics of
specimen74. On the other hand, the probability of having backscattered electrons depends on the atomic number,
therefore this signal carries information about the composition of the specimen73. SEM image is formed by the
signals intensity derived from the electron detector, and they are used to adjust the brightness73. Brightness is
responsible of the contrast in SEM images, and it is dependent of the variation of secondary and backscattered
electrons over the surface of sample71. Figure 3.2 shows a SEM micrograph image example.
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Figure 3.2: SEM micrograph example of silver nanoparticles deposited on graphene, adapted from Jiang B. et

al.
40(a), and silver nanoparticles on graphene oxide, adatpted from Liu H. et al.

26(b).

Figure 3.2 (a) shows a graphene flake as a template for silver nanoparticles. Graphene flake is identified by a
low brightness present in the micrograph, due to the low atomic number of carbon atoms73. Besides, topographic
features of graphene flake can be seen owint to the contribution of backscattered and secondary electrons. On the
other hand, silver nanoparticles are observed by they high brightness contrast due to its high atomic number73.
White dots in the micrograph correspond to heavier silver atoms. Fig. 3.2 (b) exhibits silver nanoparticles deposited
on graphene oxide. The micrograph reveals nanoparticles attached at the surface and edges of graphene oxide.
Graphene is composed by carbon atoms, with a low atomic number, while silver nanoparticles has a high atomic
number. Therefore, a high contrast image is obtained as Fig. 3.2 shown.

3.2 Transmission Electron Microscopy (TEM)

Electron microscopes were developed since optical light microscopes have limited image resolution75. Transmission
Electron Microscopy is a technique in which an electron beam interacts and passes through an ultra thin-specimen76.
Image resolution and information depend relatively of the initial conditions used in the equipment76. For this
reason, is important to understand the working principle of TEM75. A conventional TEM consists of an electron
gun, condenser and objective lenses and apertures, intermediate lenses, selected aperture area, projector lens, and
imaging, as shown in Figure 3.3.
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Figure 3.3: Typical lens system of a conventional TEM, aperture, deflection system and imaging. Adapted from
Lubk A. et al.

77

Electrons are emitted by an electron gun, their sources can be thermionic, which is based on heat a filament, field-
emission which needs a large electric potential to produce electrons, and Schottky that combines both thermionic and
field emission75. Then, electron lenses are needed to focus, change the intensity of illumination or change the mag-
nification78. Figure 3.3 shows the condenser lenses after the electron beam, since they control the current ejected75.
Next, a condenser aperture defines the size of the final beam, and therefore the angular range of the probe78. Then,
the electron beam and the specimen interacts and electron scattering process take place77. Elastic scattering results
from two interactions: electron-electron which produces relatively low scattering angle, and electron-nucleus that
cause higher scattering angles78. Other type of electron scattering is an inelastic way, in which some of the incident
electron beam lose energy79. Since electrons beam interacts with the atoms of the specimen, specifically with the
conduction or valence bands, secondary electrons are also ejected75. Other types of inelastic scattering signals are
rays or Auger electrons, emissions caused by an ionized atom returning to its ground state78.

The electron beam passes through the sample and is focused by the objective lenses75. Objective lens form the
images, and it is also the most di�cult to construct since the specimen is close75. Then, the objective aperture
below the objective lens allows to control the resolution of the image formed by the lens, depth of field and focus,
the image contrast, and so on78. Next, intermediate lens are used to magnifying and it determines whether the
viewing screen of the microscope shows a di�raction pattern or an image76. For di�raction pattern a selected
area aperture is required, due to it can limit the region which generates the di�raction pattern80. After this, a
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projector lens is used to magnified the image and to project it onto the phosphorus screen75. Finally, the resulting
information that can be obtained is about the topography of the sample or di�raction pattern of a selected area78.
Image mode can be formed using the central spot or all of the scattered electrons75. There are two types of image
modes; bright-field and dark-field, and these are dependent of the intermediate lens strength78. For bright-field image
mode, the direct beam is selected. While for a dark-field image just electrons outside of the direct beam are selected75.

Small magnifications image contrasts are due to the absorption of electrons that depends on the thickness and
composition of the specimen76. In contrast, at high magnifications, the wave interactions modulate the intensity of
the image76. The di�erent modes allow TEM to observe crystal orientation, electronic structure, chemical identity,
and regular absorption-based imaging80. Figure 3.4 presents two example of a bright-field TEM micrograph showing
silver nanoparticles deposited on graphene oxide flake (a), and silver nanoprims(b).

Figure 3.4: Bright-field TEM micrographs examples of silver nanoparticles deposited on graphene oxide adapted
from Song B. et al.

51(a), and silver nanoprisms adapted from Saade J. and Araujo C.11(b).

Fig. 3.4 (a) shows silver nanoparticles deposited on graphene oxide. Graphene oxide flake appear with a low
contrast due to the low atomic number of carbon atoms that composed the graphene layer. While silver nanoparticle
due to their high atomic number78, presents high contrast as black dots. Fig. 3.4 (b) reveals silver nanoprisms with
several anisotropic shapes as triangles. Darkness is used to evaluate the thickness of the silver nanoprisms. The
darker it is, the thicker the nanoprisms. More information about the thickness can be obtained by tilting the sample78.

3.3 Raman Spectroscopy

Raman is the interaction study between a kind of radiation and matter in the function of wavelength81. When light
interacts with matter, the photons may be absorbed or scatter, or may not interact with the material81. For the
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absorption process the photon requires to have the energy gap between the ground state of a molecule and an excited
state82. While for scattering process the photon does not need to has the energy gap, and the the scattered photons
can be observed by collecting light at an angle to the incident light beam81. The scattering process is originated
from a polarization induced in the molecule by the oscillating electric field of the incoming light83. In the scattering
process the incident light interacts with phonons or other excitations of the system molecules, causing a shift in the
photons energy83. These shifts gives information about the vibrational modes of the molecules in the system82.
Figure 3.5 shows possible vibrational modes of molecules.

Figure 3.5: Possible vibrational modes of triatomic molecule when they are excited with an incident light beam.
Adapted from Mohammad J.84

Figure 3.5 shows three di�erent possible vibrational modes for molecules with three atoms. The first vibrational
mode is the stretching, in which the oscillating atoms moves symmetrical and asymmetrical with respect to the center
atom84. Symmetrical oscillation of atoms involves a movement of them in the same direction. While asymmetrical
oscillation shows atoms moving in opposite directions84. The second mode is In plane bending, two types of this
mode are shown; rocking that describes an asymmetrical lateral oscillation-while one atom turns sideways to the
left, and scissoring in which the movement of atoms are in same-directional synchronized81. The third mode is the
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out of plane bending, this has two types of oscillation: the first is the twisting in which the atoms are moving in op-
posite directions, on and o� the plane. The second is the wagging where atoms oscillates both in the same direction84.

To excite the electrons of molecules, an incident beam of monochromatic light (laser) in the visible, near, infrared
or near ultraviolet, is used82. Usually it is discussed in terms of radiation81. Radiation is characterized by its
wavelength, since Raman spectroscopy analyse vibration of molecules present in a sample, results will be in terms
of energy, then it is expressed as a frequency or wavenumber scales81. Raman spectroscopy uses a single frequency
(monochromatic) of radiation to irradiate the sample, then it is scattered from the molecule changing its energy what
is detected83. Depending of the frequency detected, there are di�erent scattering process such as: Stokes, Rayleigh,
and anti-Stokes. Figure 3.6 shows the scattering process for one molecule vibration.

Figure 3.6: Stokes, Rayleigh, and anti-Stokes scattering processes for one molecule vibration. Adapted from Smith
E. et al.

81

Fig.3.6 shows three scattering processes: (i) Stokes scattering occurs when the electron is excited with the incident
beam, and it scatters in an inelastic way, in which it loose energy as a phonon83. Fig. 3.6 shows the excitation of the
electron from the ground state m to virtual excited states, then the electron returns to the n level and not to the m due
to the loss of energy83. (ii) Rayleigh scattering happens when the electron excited scatters in an elastic way, which
means that the electron does not loose energy and follow a recombination process81. In the Fig. 3.6 this process is
shown as green arrows indicating that the electron returns to the initial ground state m. Anti-Stokes scattering is the
result of an inelastic scatter of the electrons, in contrast to Stokes scattering, in this process the electron is already in
an excited state n, then it gains energy as phonon81. With the gain of energy, it is capable to return to the ground
state m81.

The working principle of experimental measurements is explained in Figure 3.7:
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Figure 3.7: Raman spectrometer and microscope, using a visible laser, notch filter, spectrometer, Neutral Density
Filter (ND)and CCD detector.

A pinhole focuses on the laser, and it is collected as a parallel beam to fill the optics of the microscope81. This
is due to the plasma filter removes weak emission and background radiation from the laser85. Then, the radiation
passes through a notch filter, which is an interference one, and works well when the beam is perpendicular to the
filter85. The light is completely reflected in the microscope, and the scattered radiation is collected81. Finally, the
light is then passed into the monochromator and onto the CCD detector81.

Raman scattering is widely used to provide information on chemical structures, to identify substances from the
characteristic spectral patterns called “fingerprinting.”81. Raman spectra shows peaks at specific wavenumbers which
represents di�erent vibrational modes of the material86. The amount of the substances present in the sample are
determined qualitatively or semi-qualitatively by Raman spectra82. A Raman spectra consists of scattered intensity-
dependent of the energy, each peak corresponds to a given Raman shift from the incident light energy81. The range
in which it works is in the visible range between ultra-violet and infrared spectra83. Figure 3.8 shows two examples
of Raman spectra for graphite, graphene, graphene oxide and reduced graphene with silver nanoparticles.
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Figure 3.8: Raman spectra of graphite and graphene (a), and comparison between reduced graphene with silver
nanoparticles Ag/rGO and graphene oxide (GO). Adapted from Ni Z. et al.

87 and Lou X. et al.
64, respectively.

Figure 3.8 (a) shows the spectra of graphite, which exhibits the characteristic G and 2D bands coming form the
vibrational modes of graphene87. Also, single-layer graphene is presented. Fig. 3.8 (b) reveals Raman spectra of
reduced graphene with silver nanoparticles (Ag/rGO) and graphene oxide (GO). Both spectra show the D and G
band peaks, which are attributed to the defects of the GO structure, and the bond stretching of carbon sp2 atoms87,
respectively. Also, Fig.3.8(b) shows the ID/IG ratio that corresponds to the D and G band intensities for characterizing
the disorder of the graphitic structure in carbon materials64.

The vibrational modes corresponding to the G, D, and 2D bands of graphene Raman spectra are shown in Fig.
3.9
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Figure 3.9: Vibrational modes of graphene which generates the G and D band of Raman spectra. Adapted from
Wagner S. et al.

86

G band comes from the vibrational modes shown in Fig. 3.9, in plane vibrations are the two modes that are
up, lateral vibrations towards the centre of each hexagon and outwards can be seen86. While out of plane mode
corresponds to the one on the bottom and the vibrations are observed vertically out of plane86. For D and 2D bands
the vibrational mode is directed to the center of an carbon hexagon, note that the atoms vibrate just in one direction
since other hexagons do not vibrate86.

3.4 UV–Visible Spectroscopy (UV–Vis)

The importance of spectroscopy in the industry field of liquids, lies in the determination of the concentration of
solid material diluted in a liquid medium88. Besides, through the refractive index this technique can provide detailed
information about the properties of the molecules, and it is used in the physical and chemical sciences89. UV-Vis
spectroscopy received its name due that it works in the visible range of the spectra, which goes from 300 nm to
700 nm88. The measuring principle consists of a beam of light of intensity I0 incident on some absorbing sample,
only a small fraction of the light is absorbed (assuming that losses caused by light scattering are negligible) and the
transmitted light intensity I follows the Beer-Lambert law:

A = log(
I0

I
) = �(�)cl (3.1)

where A is known as the absorbance88. The absorbance is directly dependent on the concentration (c) of absorbing
species, the optical path length (l), and the molar absorption coe�cient (�)89. The molar absorption coe�cient is a
measure of the intrinsic absorbing power of the sample to analyze, and is frequency dependent (�(�))89.
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The interaction of the electric field with a liquid phase is essential, and the magnetic field interaction is usually
neglected in practical optical metrology90. An external electric field, such as light can disturb the charge distribution
of electrons resulting in a coulombian interaction88. The interaction of UV�Vis light with liquids is related to
electronic polarization88. This depends on the displacement of electrons concerning the nucleus of an atom89.
The displacement is caused by the distortion of the electron cloud that move around the nucleus90. The electronic
polarization of charges occurs in all dielectrics88.

The spectra is measured with an absorption spectrometer which has a scheme showed in figure 3.10.

Figure 3.10: Schematic of a conventional grating-based absorption spectrometer, light source, collimator, monochro-
mator, wavelength selector and detector.

Ideally, the light source is continuous over the region of interest, and resistively heated filaments (as tungsten)
are good sources of near continuum light88. A wavelength selector is central to the spectrometer, the most used is a
monochromator built around a di�raction grating, allowing tunability89. The spectra obtained is a function of the
light intensity transmitted through the monochromator and dependent on the incident radiation88. The light intensity
is measured by a photomultiplier tube (PMT), a photodiode, or some other light-detecting device89.

From the perspective of nanotechnology, the incident light beam interacts with nanomaterials such as nanopar-
ticles91. The electric field applied cause a oscillation of the free conduction electrons located at the surface of the
nanoparticles14. Figure 3.11 shows the oscillation of free conduction electrons at the surface nanoparticles due to
the e�ect of the external electric field applied91. Figure 3.11 exhibit the oscillation of electrons with respect to the
nucleus of a nanoparticle.
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Figure 3.11: Oscillation of free conduction electrons with respect to the nanoparticle nucleus due to an external
electric field applied. Adapted from Kumar C.91.]

In the Fig. 3.11 we can observe the electric field as a wave, the spherical nanoparticle like the blue circle, the
oscillations of electrons as the light blue circle with the charges densities, and the electron cloud negatively charged.
When the electrons oscillate coherently with the electric field, a surface plasmon resonance is produced14. Di�erent
surface plasmons resonances can be generated depending of the particle composition, size, and shape17, as Fig.1.3
shows. An example of a UV-Vis spectra for silver nanoparticles and silver nanoplates is shown in Fig. 3.12.

Figure 3.12: Examples of UV-Vis spectra of silver nanoparticles (a) adapted from Liu H. et al.
26, silver nanoparticles

and silver nanoplates adapted from Zhang Q. et al.
19.

Fig. 3.12 (a) exhibits a common spectra for silver nanoparticles; the principal absorption band is centered at 400
nm, according to Liu H. et al.

26. Fig. 3.12 (b) shows a comparison spectra between silver nanoparticles and silver
nanoplates. As well as Fig. 3.12 (a), silver nanoparticles present an absorption band centered at 400 nm, while silver
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nanoplates exhibits two absorption bands, one at ⇡ 330 nm characteristic of anisotropic structures, and the second at
⇡ 650 nm corresponding to a surface plasmon resonance mode dependent on size and shape of silver nanoparticles14.
According to Mies theory92, only a single SPR band is expected in the absorption spectra of spherical nanoparticles.
In contrast, anisotropic particles could give rise to two or more SPR bands depending on the shape of the particles49.
Besides, broadening changes in the absorption bands means a variation of the size distribution, and therefore an
increase or decrease of the nanoparticles and structure sizes6. Another indicator of nanoparticle size is the shift to
higher (big) or lower (small) wavelengths of the visible spectra6.

3.5 Photoluminescence (PL)

The optical behavior of the materials has critical characteristics as the level of oxidation, size, and shape93. The
photoluminescence phenomenon is the process in which the valence electrons at the surface of a nanoparticle are
excited when they absorbs a photon (in the visible region)91. Then, the excited electrons return to a lower stable
energy releasing energy in a photon way91. Figure 3.13 shows the two types of photoluminescence: absorption and
emission.

Figure 3.13: Absorption and emission process in Photoluminescence. Adapted from Kumar C. et al.
91.

Fig. 3.13 shows the two photoluminescence process: the absorption when the electrons absorb the photons
and leads an excited state, and emission when the excited electrons return to a lower energy level realising energy
in a light way88. Besides, the dependence of the irradiation wavelength is presented91. For absorption-at higher
wavelengths, the electrons excited leads to higher energy vibrational levels, while for emission process- at higher
wavelengths, the excited electrons return to increasingly stable levels91.

Emission light photoluminescence is a radiative process and it works in the ultraviolet and visible regions75. The
photoluminescence emission spectra comes from the measurement of the intensity of emitted radiation. Radiation
is a function of either the excitation wavelength or the emission wavelength. For the emission spectra, a fixed
wavelength is used to excite the molecules, and the intensity emitted is recorded as a function of wavelength94. The
PL emission spectra can be obtained by steady-state PL measurements, time-resolved PL, and quantum yield91. A
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basic scheme of instrumentation is shown in Figure 3.14.

Figure 3.14: Schematic of a conventional fluorescence spectrometer. Adapted from Harris D. et al.
95

Fig. 3.14 presents an schematic of a conventional fluorescence spectrometer. An excitation wavelength is selected
by one monochromator, usually positioned at 90� to the incident light to minimize the intensity of scattered light
reaching the detector95. Then, the sample is irradiated with the excitation wavelength and the photoluminescence
emission process occurs91. If the excitation wavelength is fixed and the emitted radiation is scanned, an emission
spectra is produced95. Emitted light passes through an emission monochromator, and finally emission light is
detected and amplified to be recorder95.

Figure 3.15 shows PL spectra for silver nanoparticles (Ag), graphene oxide (GO), and silver nanoparticles with
graphene oxide (GO-Ag) samples.
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Figure 3.15: Example of PL spectra of silver nanoparticles (Ag), graphene oxide (GO), and silver nanoparticles with
graphene oxide (GO-Ag). Adapted from Lan N. et al.

93

Figure 3.15 shows a PL spectra for Ag showing a main characteristic peak at 400 nm. GO exhibits a strong peak
at 530 nm attributed to the boundary of oxidized carbon atoms93. Finally, GO-Ag spectra shows two peaks: the first
at 400 nm corresponding to silver nanoparticles, and the second at 530 nm attributed to graphene oxide. The weak
peak at 332 nm is due to water93.

3.6 Antimicrobial Disk Di�usion Test

The publication on penicillin by Alexander Fleming in 1928 is a milestone in the history of medicine96. Antimicrobial
compounds were discovered owing to eliminate infectious diseases; unfortunately, the development of bacterial
resistance to these antimicrobials97 results in the need for physicians to request the microbiology lab to test a patients
pathogen against various concentrations of a given antimicrobial to determine susceptibility or resistance to that
drug96. Antimicrobial disk di�usion procedure is used to determine the susceptibility of bacteria to antimicrobials98.

Di�erent procedures are proposed depending on the needs in the laboratories, the factors that can be varied are
media, inoculation concentration, incubation time, incubation temperature, and concentration of the antimicrobial
compound96. The analysis of susceptibility and resistance are based only on the presence or absence of a zone of
inhibition surrounding the disk99. Figure 3.16 shows an illustration of the antimicrobial disk di�usion test.
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Figure 3.16: Illustration of the anitmicorbial disk di�usion test. The growth of bacteria is presented as yellow, the
antimicrobial disk corresponds to the white color as well as the inhibition zone.

The diameter of the inhibition zone is related to the susceptibility of the di�usion rate of the drug through
the agar medium100. These results are qualitative, the advantages of this test method are the test simplicity that
does not require any special equipment, flexibility in the selection of disks for testing100, and rapid results for the
determination of antibacterial activity. Figure 3.17 shows an example of the antimicrobial disk di�usion test for
silver nanoparticles.
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Figure 3.17: Example of antimicrobial disk di�usion tests for silver nanoparticles, where diameter of inhibition zone
is the halo in the agar petri plate. Adapted from Huang L. et al.

39.

Fig. 3.17 exhibits a petri dish with cell culture as white background, and the diameter on inhibition zone (DIZ)
identified by the halo. It is indicated by the red arrow and marked with a the red circle. A real interpretation of
resistance and susceptibility to antimicrobials is determined through in vivo testing of blood and urine. These to
calculate the level of a given antimicrobial that results in the resolution of an infection96.

3.7 Optical Density (OD)

The absorbance is directly dependent of the concentration and chemical composition of the sample, so it is used in the
analytic chemistry for the characterization of liquids. The optical density is the measurement of the absorbance per
unit of length that the light travels when it passes through the sample, this is described in the following equation101:

OD� =
A�
l
=

1
l

log
I0

I
(3.2)

In the case of homogeneous colloidal suspensions, the optical density is a function of the concentration, equivalent
to absorbance values. Equation 3.2 presents l being the sample thickness, I0 initial absorbance, and I final absorbance
value102. The optical density is useful to describe the dynamics of bacterial growth, where the bacterial density is
defined as the dry weight of cells per unit volume of a culture or as the number of doubling of bacterial density per
unit time103. The curve obtained illustrates the events occurring through time, and it is shown in figure 3.18.
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Figure 3.18: Bacterial growth curve showing the four phases: lag, exponential, stationary and decline phase. Adapted
from Huang L. et al.

39

Figure 3.18 describes the dynamics when a sample of bacteria cells is transferred to a tube of fresh broth
(nutrient), and four phases are distinguishable: the lag phase, the exponential phase, the stationary phase, and the
decline phase103. The lag phase is the first portion of the curve and represents the time in which the bacterial cells
are adapting to the new environment (nutritional conditions), some of them die, and others take up nutrients and
replicate their DNA104. The length of the lag phase depends on the metabolic activity of the microbial population.
The exponential phase is given by the exponential growth of bacteria cells, which are also undergoing binary
fission103. The number of cells doubles, and the stage rises in a logarithmic shape. Balanced growth is present
because the metabolism and physiology remain constant104. In this stage, the application of antibiotics is visible
due that it a�ects the metabolic processes. The stationary phase shows the limitation of nutrition sources, therefore
over time, the broth starts having scarce, and waste products accumulate, and the cells enter a plateau104. Now the
number of viable cells equals the number of nonviable cells103. Finally, the decline phase is due to that the cells
enter a death phase, where the number of viable cells declines logarithmically. Also, there is the possibility that few
members of the population can escape death by entering a state of dormancy104. An example of microbial growth
obtained through optical density measurements is shown in Figure 3.19.
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Figure 3.19: Example of a bacterial growth curve for silver nanoparticles with di�erent silver precursor concentration.
Adapted from Xu W. et al.

50.

Figure 3.19 shows two main phases: the lag phase and the exponential. The curves reveal that: highest
concentration of silver precursor, highest antibacterial e�ciency results. The bacterial growth can be quantified
with three main growth constants: total growth, exponential growth rate, and the lag time and growth lag. The total
growth is the di�erence between initial (x0) and maximum (xmax) bacterial density103.

G = xmax � x0 (3.3)

The exponential growth rate (R) is given by the expression

R =
log2x2 � log2x1

t2 � t1
(3.4)

The exponential growth rate is a general and sensitive physiologic test which can be used for the study of e�ects,
and quantitative interpretations103.





Chapter 4

Methodology

4.1 Chemicals

Hydrogen peroxide (H2O2) 30 wt% and Trisodium citrate (TSC) 99% were purchased from Lobachemie. Silver
nitrate (AgNO3), Sodium borohydride (NaBH4), and Polyvinyl alcohol (PVA) were purchased from Sigma Aldrich.
Ammonium hydroxide (NH4OH)1% was purchased at M&M representations. All chemicals were used as received
without further modification, and they were of analytical reagent grade. Demineralized water TDS 5 ppm was
obtained at a local store, and 0.5 g Graphene oxide powder was obtained from Abalonyx Innovative materials105

with a C/O atomic ratio = 2.5 - 2.6. Requires an ultrasound bath 0.5 h to form a dispersion. When diluted to 0.1
weight % the suspension has a pH of 2.9. Miller Luria Bertani Agar (LB AGAR) TM MEDIA 40 g/L was purchased
from Novachem as well as Lennox L Broth Base (LB Broth Base) Invitrogen 20 g/L. Gram-negative (G�) bacterial
strain E. coli glycerol TG1 was performed according to the book Combinatoria Molecular106.

4.2 In-situ method for AgTNPs/GO

4.2.1 Light chamber cameras

High power light emission diodes LEDs chambers were designed, taking into account the procedure done by Saade
& de Araújo11. High power LEDs (5 W) were used as the light source for the photoconversion. These chambers
were made using PVC, aluminum foil, and high power LEDs. LED chambers setup is shown in Figure 4.1.

39
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Figure 4.1: High power LED chambers setup. Two chambers were connected in parallel to a power supply.

PVC tubes, aluminum foil, and high power LEDs were purchased at a local store. PVC dimensions were 17
cm of longitude and 11.5 cm of diameter. Inside PCV tubes, 6 high power LEDs (connected in parallel) were
placed equidistant, forming a ring at the bottom of the tube to promote an equidistant energy fluence and better size
distribution12. To avoid external radiation, aluminum foil was put at the top of the PVC tube and secured with tape
as Fig. 4.1 shows. PVC chambers with LEDs are connected: between them in series, and to the power supply in
parallel.

Di�erent LEDs color were used, corresponding to the wavelengths at: 440 nm, 540 nm, 650 nm, and 200-700
nm. The wavelengths were chosen according to ones reported by Saade J. & de Araújo C.11work. The power of
the LEDs is 3 W, and the applied current was 0.7 A. The viewing angle at which can be viewed with acceptable
performance is 120�.

4.2.2 AgTNPs/GO In-situ Photo-chemical reduction method

The photo-chemical reduction method is described as a two step process: wet chemical synthesis and photo–reduction.
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Wet chemical synthesis

The preparation of the following solutions performed chemical synthesis: 10 mL AgNO3 (0.05 M), 10 mL TSC
(75 mM) and 10 mL NaBH4(100 mM). Hydrogen peroxide solution was used as received without changing its
concentration.
In a typical reaction, 28.474 mL of demineralized water was put into a 50 mL beaker. Then, 150 µL of AgNO3 and
400 µL of TSC were added and vigorously stirred for 3 min. Then, 4 µL of NaBH4 was rapidly added, leading to
a light yellow solution. After 2 min of stirring, 60 µL of (H2O2) were added, converting the yellowish solution to
a colorless one. Next, 250 µL of NaBH4 was rapidly injected, leading to a fast change in colors that ended up in
reddish yellow as Figure 4.2 shows.

Figure 4.2: Silver nanoparticles final color solution of the wet chemical synthesis.

Fig. 4.2 reveals the final color after the we chemical synthesis of siver nanoparticles in an eppendorf tube. A
reddish color is observed and it depends on the components used to synthesize silver nanoparticles. For samples of
triangular silver nanoparticles (AgTNPs). Reddish final color solution will be further referred as silver nanoparticles
(AgNPs) suspension.

Graphene oxide

To reach GO 0.1 wt% and dispersion, 10 mL PVA (1 wt%) was prepared. 100 µL of PVA was put into a glass flask,
and 9,9 mL of water was introduced to the suspension. Then, 0,013 g of GO are dispersed on it. Finally, the glass
flask was put under sonication for 2 h at room temperature. Figure 4.3 shows the graphene oxide dispersed in water
and PVA.



42 �.�. IN-SITU METHOD FOR AGTNPS/GO

Figure 4.3: Graphene oxide dispersed in water and PVA suspension.

Fig. 4.3 shows a brown color solution, characteristic for GO dispersion28. The dispersion of GO flakes is to
promote low number of GO layers.

AgNPs/GO nanocomposite

To obtain the initial nanocomposite, silver nanoparticles deposited on graphene oxide (AgNPs/GO), 50 µL of
NH4OH, as a ligand, was added to the AgNPs solution. Next, 976 µL of GO dispersed were introduced. This final
solution will be further referred as AgNPs/GO initial nanocomposite solution.

AgTNPs and AgTNPs/GO nanocomposite by in-situ Photoreduction method

For silver triangular nanoplates AgTNPs, first, the AgNPs solution synthesized in the wet chemical method was
divided into 4 vials. These vials were put inside the LED chambers, and they were irradiated for 16 h. The
photoconversion of silver triangular nanoplates (AgTNPs) prove that the proposed photoreduction method converts
spherical nanoparticles into triangular nanoplates. Once the photoreduction method works, it is applied to the
AgNPs/GO to obtain AgTNPs/GO.
For silver triangular nanoplates deposited on graphene oxide AgTNPs/GO, first, the AgNPs/GO initial nanocomposite
solution was divided into 4 vials. These vials were put inside the LED chambers, and they were irradiated for 16
h. All irradiated samples ended with a di�erent solution color. The same photoreduction assembly is used for
AgTNPs/GO, as shown in Fig. 4.1. An illustration of the in-situ method steps is presented in figure 4.4.
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Figure 4.4: Illustration of the main three steps followed for the in-situ method of AgTNPs/GO.

After the wet chemical synthesis of silver nanoparticles, these are deposited on graphene oxide through the
ammonium hydroxide ligand. Ligand is positively charged and by electrostatic attractions will promote the deposition
of AgNPs on negatively charged GO. Then, this initial nanocomposite is irradiated with di�erent wavelengths for 16
hours inside a PVC light chamber connected to a power supply. Finally, the silver nanoparticles are photoconverted
to silver triangular nanoplates by photoreduction and in the presence of graphene oxide. This process is called as
in-situ photoreduction method, in this project.

4.3 Antibacterial properties Tests

4.3.1 Antimicrobial Disk Di�usion Test

To prepare the liquid medium, 4 g of LB Broth base was mixed with 200 mL of distilled water and autoclaved for 1
h. For the solid medium, 5 g of LB AGAR was dissolved in 125 mL of distilled water in a glass bottle. Then, the
bottle was autoclaved for 1 h. 100 µL of E.coli bacteria and 2 mL of liquid medium was inoculated in a shaker at 37
�C, 150 rpm for 24 h. After preparing the solid medium, it was evenly distributed in the Petri dishes and allowed
to cool and solidify. Next, 150 µL of E.coli inoculation was well dispersed and let it dry. Then, 3 µL of ampicillin
Amp�3 0.05 g/L (as the control) and 3 µL of the graphene oxide (GO), silver nanoparticles (AgNPs), silver triangular
nanoplates (Ag TNPs) and nanocomposite Ag TNPs/GO was placed over the bacterias in the Petri dishes. Finally,
the Petri dishes were put under incubation at 37 �C for 24 h.
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4.3.2 Optical Density (OD)

A bacteriological handle of E.coli was obtained from culture and inoculated with 2 mL of liquid medium (same
procedure of above section) in a shaker at 37 �C, 150 rpm for 24 h. The blank was prepared with 100 µL of the
E.coli inoculation and 900 µL of liquid medium. For the samples, the same quantities of the blank was used with
additional 10 µL of the sample to be studied. Then, it is left to grow in the shaker at 37 �C, 150 rpm for 9 h. The
measurements were taken every 30 minutes and measured in the Nanodrop spectrophotometer.

Optical density is calculated using the equation 3.2, where l is the sample thickness consider 1, I0 is the initial
absorbance value, and I is the final absorbance.

4.4 Characterization Equipment

4.4.1 Scanning Electron Microscopy(SEM)

SEM micrographs were taken with a Scanning Electron Microscopy Hitachi SU8030 belonging to the Freie Uni-
versitat Berlin (FU), Germany. Samples were prepared in a silicon substrate with a pure drop of each AgTNPs/GO
sample. A photo of the equipment is shown in Figure 4.5

Figure 4.5: Scanning electron microscopy Hitachi SU8030 belonging to the Freie Universitat Berlin (FU), Germany.
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4.4.2 Transmission Electron Microscopy(TEM)

A Transmission Electron Microscope FEI Tecnai G2 was used to obtain micrographs of blue 440 nm and green 540
nm irradiation wavelengths for AgTNPs/GO samples. Samples solutions were diluted 100 µL in 1000 µL of distilled
water and then sonicated at maximum frequency. A photo of the equipment is shown in Figure 4.6

Figure 4.6: Transmission Electron Microscope FEI Tecnai G2 belonging to the Technique University Berlin, Germany.
This characterization was financed by the Free University of Berlin.

4.4.3 Raman Spectroscopy

For this analysis a Raman XPLORA spectrometer with microscopy was used to do the measurements. The samples
were excited with a 638 nm wavelength red laser. Samples used for measurements were AgTNPs/GO nanocomposites
irradiated with blue 440 nm, green 540 nm, red 650 nm, and white 200-700 wavelengths. The preparation samples
was the same as for SEM. A photo of the equipment is shown in Fig. 4.7

4.4.4 UV–Vis Spectroscopy (UV–Vis)

UV-Vis characterization was carried out by Evolution Array UV-Visible Spectrophotometer by Thermo Fisher
Scientific belonging to the Freie Universitat Berlin. A full spectra data acquisition is obtained from 200 nm to 1200
nm range. The samples were diluted 400 µL in 1000 µL of distilled water in order to avoid saturation. A photo of
the equipment is shown in Figure 4.8
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Figure 4.7: Raman XPLORA equipment belonging to the Freie Universitat Berlin (FU), Germany.

Figure 4.8: UV-visible spectrophotometer by Thermo Fisher Scientific equipment belonging to the Freie Universitat
Berlin (FU), Germany.

4.4.5 Photoluminescence (PL)

The standard NanoLog Spectrofluorometer comes equipped with a double-grating monochromator in the excitation
position. Double-grating monochromators o�er a significant increase in sensitivity, resolution and stray-light
rejection over single-grating ones. In the excitation position, the NanoLog is equipped with a single-grating iHR
spectrometer. Samples preparation was the same used for UV-Vis, and were excited at 332 nm. A photo of the
equipment is shown in Figure 4.9



CHAPTER �. METHODOLOGY 47

Figure 4.9: Spectrofluorometer HORIBA Nanolog belonging to the Freie Universitat Berlin (FU), Germany.

4.4.6 Optical Density (OD)

Growth bacteria kinetics was followed by measure the absorbance at 600 nm. A Nanodrop 2000 Thermo Scientific
Spectrophotometer is used to do the measurements. Figure 4.10 shows a picture of the equipment.

Figure 4.10: Nanodrop 2000 Thermo Scientific Spectrophotometer equipment used to measure the optic density for
cell cultures, belonging to the YachayTech University, Ecuador.





Chapter 5

Results & Discussion

5.1 Synthesis and Photochemical Reduction Mechanism

A typical wet chemical method was followed for the synthesis of silver nanoparticles. In an aqueous medium as
water(a), the silver source AgNO3 is added (b) in the form of ions to be further reduced. Then, trisodium citrate
(TSC) is incorporated (c) as a weak reducer and as a stabilizer11. Next, a small amount of 4 µmL of the strong
reducing agent as sodium borohydride is a�xing (d) to reduce silver ions to form metal nanoparticles fulfilling the
nucleation step. Change color in the solution occurs, from noncolor to yellowish (d), confirming the formation of
silver nanoparticles. After, hydrogen peroxide is added (e) as an oxidative etching agent to induce the formation of
planar-twinned and quasi-spherical structures, and also to remove possible non twinned particles relatively unstable
at this stage19. Since hydrogen peroxide is an etching agent, it will produce defects as stacking faults or planar twin
breaking the isotropic symmetry of silver nanoparticle (fcc)19. Therefore, the defects are responsible of anisotropic
structures and the final morphology of the nanoparticle19. Plate structures are more often observed on silver and
gold metals due to their lowest stacking fault energies19. Figure 5.1 shows a scheme of the methodology followed to
obtain AgNPs/GO.
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Figure 5.1: Scheme of the methodology described to obtain silver nanoparticles AgNPs/GO initial nanocomposite.

The etching promotes defects as stacking faults, which are responsible for the formation of plate structures107.
The solution becomes colorless again (e). Then, a higher amount of sodium borohydride (250 µmL) is incorporated
(f) to achieve a complete reduction, the color of the solution undergoes some changes, from yellowish (nanoparti-
cles) to grayish yellow (aggregation), ending in reddish yellow (f) (quasi-spherical and planar twinned). Only small
nanoparticles as ⇠ 5-8 nm can be photoconverted due to their lower redox potential19; in this project, the silver
nanoparticles are around 8 nm, and it ends capping by TSC molecules giving the nanoparticle a negative charge45.
Next, ammonium hydroxide is incorporated as ligand (g) to combine negatively charged silver nanoparticles with
the negatively charged graphene oxide41. Finally, graphene oxide dispersed is added as a support material for the
dispersion of silver nanoparticles (h), this is referred as initial AgNPs/GO solution.

Initial AgNPs/GO suspension, was irradiated with di�erent wavelengths to photoconvert the silver nanoparticles
into triangular nanoplates. Figure 5.2 (a) shows silver nanoparticles as planar twinned structures containing (100)
and (111) facets.
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Figure 5.2: Illustration of the photoconversion mechanism from spherical to triangular nanoplates over graphene
oxide through in-situ method, adapted from Saade & Araujo11 and Zhang Y. et al.

19.

Then, the next step was the deposition of silver nanoparticles on the graphene oxide, through electrostatic
attractions and physical adsorption, by the ligand Ammonium hydroxide hydroxide (b). Ammonium hydroxide
plays an essential role in binding the negatively charged nanoparticles to the negatively charged graphene oxide as
well. After this, the photochemical reduction method starts, the irradiation wavelength coming from the high power
LED, gives the necessary energy19 to reduce the remaining ions after the chemical synthesis. Step (c) shows the
ions attached to the silver nanoparticles by electrostatic attraction as well as trisodium citrate (TSC). TSC has three
carboxylic groups, and at least two of them selectively bind to (111) facets; the third group is oriented normal to
the surface11. This component acts as a stabilizer, reducing, and capping agent for silver nanoparticles11. It works
under the face-block theory, which states that the TSC will block the growth in the vertical axis and allows a rapid
growth at the lateral direction19. Figure 5.2 (d) reveals the growth of nanoparticle in the (111) facet to produce
silver triangular nanoplates (AgTNPs), finally (e). The nanoparticles are converted to triangular nanoplates (e) in
the presence of GO by the photochemical reduction method (f).
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Photoconversion or photo-light induced processes are based on the absorption of photons coming from the light,
then the conduction electrons at the surface of the silver nanoparticle start to oscillate with respect to their nucleus108.
Then, a redox reaction take place: electron flow allows the TSC to reduce silver ions from Ag+ into Ag0 allowing
the nanoparticle growth, while holes are hot sites that oxidize citrate ions adsorbed on the particle surface108. The
oscillation of electrons at the nanoparticle surface is defined as a surface plasmon109, and when they oscillate with
the same frequency than the irradiation light it is known as surface plasmon resonance14. The resonance between
irradiation light and nanoparticle is dependent on the light frequency (wavelength) and nanoparticle size108. Specific
sizes of nanoparticles are needed for each irradiation wavelength to enter into resonance, thus until the resonance is
achieved, the nanoparticle is growing slowly which is beneficial for anisotropic shapes109. Then, when they enters
into resonance, a fast growth of nanoparticle happens109. Finally, the wavelength irradiation dependence follows:
increasing the wavelength increases the size and anisotropy of the final nanoparticle108.

5.2 Characterization of Ag TNPs/GO

5.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) technique was used to determine the graphene oxide flakes (GO flakes) sizes
in terms of length, to confirm the deposition of silver nanoparticles (AgNPs) on GO, and to make an analysis of
the AgNPs distribution size. The size of GO flakes was measured in ImageJ software tracing a diameter, as well as
for the silver nanoparticles (AgNPs). Brightness contrast is given by the elements present and its di�erent atomic
number-the heavier the element, the brighter it will show up on the micrograph. Therefore, silver nanoparticles will
exhibit more brilliance than graphene oxide. For brilliance parts of GO flakes an e�ect of overload may be present73.
This is due to the distribution of the electron beam in the sample, promoting more elastic dispersion and therefore
more backscattered electrons which are responsible of brightness73.

Figure 5.3 shows the micrographs of blue 440 nm irradiation wavelength for AgTNPs/GO nanocomposite.
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Figure 5.3: SEM micrographs of blue 440 nm irradiation wavelength for AgTNPs/GO nanocomposite in a) 10 µm
and b) 500 nm scales.

Figure 5.3 (a) presents a SEM micrograph of a 20 µm GO flake. GO flake has low contrast due to the low atomic
number of carbon atoms73. While silver nanoparticles appears as white dots, having higher contrast than GO since
they have high atomic number73. The red arrows indicate the most representative sites of nanoparticles deposition.
The red square shows the inset for the (b) micrograph. The nanoparticle deposition is due to GO functional groups
located at the surface and edges of the flake28. Fig. 5.3 (b) micrograph reveals AgNPs deposited on GO. Fig. 5.3
(c) shows a histogram of nanoparticle sizes presented in (b). The total nanoparticles in (b) micrograph is 42, and the



54 �.�. CHARACTERIZATION OF AG TNPS/GO

47.6% are of 20 nm in size, being the highest bar in the histogram indicating a monomodal size distribution110.
Figure 5.4 shows the micrographs of green 540 nm irradiation wavelength for AgTNPs/GO nanocomposite.

Figure 5.4: SEM micrographs of green 540 nm irradiation wavelength for AgTNPs/GO nanocomposite in (a) 5 µm
and (b) 1 µm scales.

Figure 5.4 (a) shows a GO flake with a size of 7 µm. The micrograph shows the presence of nanoparticles on the
GO surface. The red arrows points to a big brightness spot, attributed to an agglomeration of silver nanoparticles.
The red square shows the inset for the (b) micrograph. Fig. 5.4 (b) reveals AgNPs deposited on graphene oxide. The
first green arrow points to the agglomeration of AgNPs due to the big size around of 300 nm, and it is considered
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agglomeration because the other nanoparticles are smaller in size. The second green arrow shows the biggest
nanoparticles with a size of 40 nm, while the third arrow shows the smallest one with 5 nm of size. Fig. 5.4
(c) reveals the histogram of nanoparticles observed in (b). The total number of nanoparticles counted in the (b)
micrograph is approximately 140. The 28.6% corresponds to 20-25 nm nanoparticle sizes, and the 24.3% represents
nanoparticles around 25-30 nm, which are the majority in the histogram. The nanoparticle sizes are around 30 nm
which indicates a monomodal size distribution110.

Figure 5.5 shows the micrographs of red 650 nm irradiation wavelength for AgTNPs/GO nanocomposite.

Figure 5.5: SEM micrographs of red 650 nm irradiation wavelength for AgTNPs/GO nanocomposite in (a) 20.0 µm
and (b) 500 nm scales.
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Figure 5.5 (a) presents a GO flake of size 30 µm. The red arrow points to AgNPs deposited on the flake. The
red square represents the inset for (b) micrograph. Fig. 5.5 (b) also displays nanoparticles deposited on the surface
of the GO flake. The first and second green arrows point to agglomerations of nanoparticles due to its brigthness
and size. The third arrows point to spherical silver nanoparticle with a size around 50 nm. Fig. 5.5 (c) shows the
histograma of the AgNPs seen in (b). The total nanoparticles counted is 70, and the 34% have sizes of 15nm, while
the 29% corresponds to sizes around 50 nm. This shows a bimodal size distribution, which means a polydispersed
system111.

Figure 5.6 shows the micrographs of white 200-700 nm irradiation wavelength for AgTNPs/GO nanocomposite.
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Figure 5.6: SEM micrographs of white 200-700 nm irradiation wavelength for AgTNPs/GO nanocomposite in (a)
10 µm and (b) 2 µm scales.

Figure 5.6 (a) presents a GO flake of size 28 µm. GO flake presents the overload e�ect mentioned before73. The
red arrows indicate the sites where the AgNPs are deposited due to its big sizes. The red square is the inset for (b)
part. Fig. 5.6 (b) micrograph reveals AgNPs deposited on graphene oxide. The green arrows indicates nanoparticles
with polyhedrons shapes, which comes from the pathways of silver nanoparticle growth during the photoreduction
process11,13. The first green arrow indicates a pentagonal shaped nanoparticle, the second arrow shows a triangular
truncated nanoparticle, and the third arrow points to a cubic silver nanoparticle. Fig. 5.6 (c) presents an histogram for
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nanoparticles observed in (b). The total counted nanoparticles is 29, and the 27.6% of them have size around 75-100
nm. Since several sizes are observed, the system is polydispersed, and shows a multiple modal size distribution111.

For all the samples, the part (b) was taken to make the histograms. For blue 440 nm sample, 42 nanoparticles
were present, while for green 540 nm 140 were counted. For red 650 nm nanocomposite 70 nanoparticles are shown,
while for white 200-700 nm sample, 29 nanoparticles were found. Therefore, the highest concentration is attributed
to green 540 nm nanocomposite. In the other hand, biggest nanoparticles corresponds to white 200-700 nm sample,
while the shortest corresponds to blue 440 nm; this due to - increasing the irradiation wavelength increase the size
of nanoparticles108.

The deposition of silver nanoparticles on graphene oxide depends of the physical adsorption. Physical adsorption
is based on electrostatic forces12, which vary according to the partial charge of the nanomaterials involved. In this
case, the grown nanoparticles end up with a TSC capping, which gives a negative partial charge, and the presence of
oxygen functionalities negatively charged the graphene oxide, then the Ammonium hydroxide , positively charged,
allows the join of these nanomaterials. If the nanoparticle did not grow, it would not be completely surrounded by
TSC, and its partial charge will be lower than the others with the larger size. This is why the blue sample does
not show a high concentration of nanoparticles. Big nanoparticles can end with a higher negative charge, and the
electrostatic attractions balanced can not works well.

5.2.2 Transmission Electron Microscopy (TEM)

TEM characterization was done in order to study the size distribution and morphology of silver nanoparticles
deposited on the GO surface. Representative micrographs and size distribution histogram are shown in this section.
For the performance of histogram complementary TEM micrographs were used, and they are exhibited in section
Appendix A A.1 Fig. and Fig.A.2. For the size measurement, the Image J software was used, the diameter
was measured for spherical nanoparticles, and the height for triangular shapes. Figure 5.7 shows representative
micrographs for blue 440 nm AgTNPs/GO nanocomposite irradiation wavelength.
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Figure 5.7: TEM micrographs of blue 440 nm irradiation wavelength for AgTNPs/GO nanocomposite (a) 1 µm2 and
(b) 20 nm scales, (c) Histogram of silver spherical nanoparticles and silver triangular nanoplates.

Figure 5.7 (a) shows AgNPs deposited on GO flake. Fig. 5.7 (b) presents very small spherical nanoparticles that
can be quasi-spherical or planar twinned, with their size ranged of 5 nm. Also, they can be silver clusters formed
by the photochemical reduction reaction of free silver ions108. Fig. 5.7 (c) presents an histogram which reveals that
most of the nanoparticles found are spherical and around of 10 nm size indicating a monomodal size distribution110.
The size is in agreement with the irradiation wavelength dependence108, since 440 nm is the shorter one in this
project, and with respect to anisotropy, slower processes with longer wavelengths are preferred108.
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Figure 5.8 for green 540 nm irradiation wavelength for AgTNPs nanocomposite.

Figure 5.8: Bright-field TEM micrographs of green 540 nm irradiation wavelength for AgTNPs/GO nanocomposite
(a) 1 µm and (b) 20 nm scales, (c) shows the size distribution histogram of silver spherical nanoparticles and silver
triangular nanoplates.

Figure 5.8 (a) reveals AgNPs deposited on GO flake. Fig. 5.8(b) nanoparticles of di�erent shapes can be
observed where the triangular one predominates. The red arrows are examples of di�erent anisotropic shapes. The
first arrow points to a triangular shaped nanoparticle with a size of approximately 30 nm, while the second arrow
indicates a hexagonal shaped nanoparticle with similar size than triangular nanoparticle. These shapes comes from
the growth pathways for twinned silver nanoparticles occurring in the photoreduction process13. Fig.5.8 (c) shows
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the size distribution histogram determining that most of the nanoparticles found are silver triangular nanoplates
converted by the in-situ method proposed, with a size around of 30 nm showing a monomodal size distribution111.
Rounded tips are present due to the presence of TSC molecules in excess, it can promote a low growth even without
the irradiation process19. The deposition of nanoparticles can be attributed to the statement of Goncalves et al.

24

which says that GO oxygen functionalities are reactive sites for the nucleation and growth of metal nanoparticles
and, also allows the formation of strong bonds with the material being deposited. Thus, we can assume that the
in-situ photoreduction method can promote the deposition and growth of silver triangular nanoplates as shown in
TEM micrographs of green 540 nm sample and histogram, Fig. 5.8. Besides, these data reveals that, between these
two irradiation wavelengths, the most e�cient for the photoconversion of the silver nanoparticles is the green 540
nm. This is due to the-increasing the wavelength of irradiation increases the anisotropy of the final nanoparticle108.

5.2.3 Raman Spectroscopy

Raman spectroscopy reveals information about the structural features of graphene oxide (GO)112. The D band is
attributed to the defects of the GO structure, while the G band corresponds to the bond stretching of carbon sp2

atoms85. To characterize the disorder of the graphitic structure in carbon materials28, the D and G band intensities
ratio ID/IG are calculated. A center point from the full width at half maximum FWHM of the D and G bands was
taken to obtain the position of the D and G band, as well as the respective intensity. The dashed lines shown in Fig.5.9
represent the way to obtain the intensity. Figure 5.9 exhibits the Raman spectra of AgTNPs/GO nanocomposites
irradiated with di�erent wavelengths.
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Figure 5.9: Raman spectra of AgTNPs/GO nanocomposites irradiated with blue 440 nm, green 540 nm, red 650 nm
and white 200-700 nm wavelengths.

As can be seen in Fig. 5.9 GO has a highly disordered structure due to presence of functional groups in the
structure, as result of the graphite powder oxidation28. The position of the D band is 1340 cm�1 and the G band
1600 cm�1; the ID/IG ratio is 1.14 which is in agreement with Zhang et. al43. For the samples, the ID/IG ratio was
calculated in order to compare the structural disorder caused by triangular nanoplates deposition. The presence of
nanoparticles in the structure of graphene oxide can cause defects increasing the intensity of the D band. In addition,
depending on the size of the nanoparticles, they will cause greater tensile stress on the bonds between the carbon
atoms by increasing the G band intensity. Therefore, the increase in the ID/IG ratio means that the nanoparticles
were e�ectively adsorbed onto both sides of the graphene oxide flakes, surface and edges113. It is corroborated with
SEM characterization: Fig. 5.3, Fig. 5.4, Fig. 5.5, and Fig. 5.6.

For the Raman spectra of AgTNPs/GO nanocomposites irradiated with di�erent wavelengths, the ID/IG ratio
has an increased value which indicates the presence of nanoparticles in the structure of the GO93. The variation in
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the intensity ratios is attributed to the amount of nanoparticles present in the GO flake and the size of these particles
for each sample, which was discussed in the SEM characterization section. The shift to smaller wavenumber of
nanocomposite D bands with respect to GO. Table 5.1 shows the D and G bands positions of graphene oxide and
AgTNPs/GO nanocomposites iradiated with di�erent wavelengths. The shift found of D band position between
graphene oxide and nanocomposites is also revealed.

Sample D (cm�1) G (cm�1) D Shift (cm�1) ID/IG

Graphene Oxide 1340 1600 – 1.14
Blue 440 nm AgTNPs/GO 1330 1595 10 1.32
Green 540 nm AgTNPs/GO 1320 1595 20 1.37
Red 650 nm AgTNPs/GO 1320 1595 20 1.33
White 200-700 nm AgTNPs/GO 1320 1595 20 1.35

Table 5.1: D and G bands positions shifts between the graphene oxide and AgTNPs/GO nanocomposites irradiated
with di�erent wavelengths.

For blue 440 nm AgTNPs/GO the shift is 10 cm�1, while for green 540 nm nanocomposite is 20 cm�1 as well
as for red 650 nm and white 200-700 nm nanocomposites. All the AgTNPs/GO nanocomposites present a shift to
smaller wavenumber, it is related to the oxygen content in the graphene oxide114. According to Claramunt S. et

al.
114 the shift to lower wavenumbers of the contribution peaks observed in the fitting proposed, indicates a decrease

in the oxygen content. Besides, a decrease in the oxygen content is recognized as a restoration of C-C/C=C bond
process115. Another reports116 use this photoreduction process to obtain reduced graphene from GO, decreasing
its oxygen content by irradiating with visible light. G band does not shows significant shifts. With respect to
nanocomposites ID/IG ratio, the lowest corresponds to the red 650 nm nanocomposite due to its low concentration
of nanoparticles. While the highest ratio is attributed to green 540 nm nanocomposite owing to it has the highest
concentration of nanoparticles, as we saw in Fig. 5.3 and Fig. 5.7. A high concentration of nanoparticles can
produced greater amount of defects in the GO structure, and tensile strain in the stretching of carbon atoms116.

5.2.4 Ultraviolet–Visible Spectroscopy (UV–Vis)

UV-Vis spectroscopy was used to study the optical properties and characteristic absorption bands for AgTNPs and
AgTNPs/GO nanocomposite in aqueous medium. All irradiated samples ended with a di�erent solution color than
the initial red. The colors obtained of the final solutions of AgTNPs are shown in Figure 5.10.
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Figure 5.10: Final color solutions of silver triangular nanoplates AgtNPs irriadated with green at 540 nm (a), blue
at 440 nm (b), red at 650 nm (d), and white at 200-700 nm (d).

Di�erent colors are obtained for silver triangular nanoplates after the photoreduction process. These optical
properties are related to the size and shape of nanoparticles. Di�erent resonance modes are expected in UV-Vis
spectra. Fig. 5.10 (a) exhibits a red color when silver nanoparticles suspension is irradiated at 440 nm blue LEDs,
(b) shows a blue color with 540 nm green LED irradiation wavelength. Fig. 5.10 (c) reveals a gray color with 650
nm green LED wavelength, while (d) presents a light blue color with 200-700 nm white irradiation wavelength.

The colors obtained of the AgTNPs/GO nanocomposite final solutions are shown in Figure 5.11.

Figure 5.11: Final color solutions of In-situ method irriadated with blue at 440 nm a), green at 540 nm b), white at
200-700 nm c) and red at 650 nm d).

Similar colours can be seen for the nanocomposite as for silver triangular nanoplates. Fig. 5.11 (a) shows
the same red color as AgTNPs, while (b) exhibits a darkner blue that can be attributed to GO flakes or AgTNPs
agglomerations. Fig. 5.11 (c) shows a similar gray color, and (d) reveals a light blue color similar to the AgTNPs.
The di�erent colors obtained means di�erent size and shapes, so we can conclude that the photoreduction method
influence in the nanocomposite.

Figure5.12 shows the UV-Vis spectra of graphene oxide pristine (GO Pristine) (a) and silver nanoparticles (AgNPs)
(b). Fig.5.12 (a) shows two main peaks of graphene oxide, the first peak at about 278 nm which corresponds to
� � �⇤ transitions of aromatic C �C bonds, while the second peak at about 376 nm is attributed to n � �⇤ transitions
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of C �O bonds44. Both are shifted to higher wavelengths due to the di�erent elemental composition of the graphene
oxide105.

Figure 5.12: UV-Vis spectra of graphene oxide pristine (GO Pristine) (a) and silver nanoparticles (AgNPs) (b).

Figure 5.12 (b) exhibits a characteristic peak around 490 nm for silver nanoparticles and a shoulder at 650 nm,
suggesting a polydisperse system11. Since an etching agent and flat structures promoter19 were used for the wet
chemical synthesis and, specifically for the nucleation step, the silver nanoparticles can shows planar structures that
could be associated to the presence of two surface plasmon resonances (SPR). Table 5.2 indicates the absorption
bands positions and its meaning for these samples.

Sample Peak Position[nm] Assignment

Graphene oxide pristine (GO
pristine)

1 278 � � �⇤ transitions of aromatic C �C bonds44.
2 376 n � �⇤ transitions of C � O bond44.

Silver nanoparticles (Ag-
NPs)

1 490 Characteristic SPR of silver nanoparticles44

2 640 SPR di�erent nanoparticle sizes111

Table 5.2: Table of UV–Vis SPR bands positions of graphene oxide pristine (GO Pristine) and silver nanoparticles
(AgNPs) corresponding to Figure 5.12.
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GO pristine spectrum has two absorption bandas: the first at 278 nm corresponding to � � �⇤ transitions of
aromatic C � C bonds44, the second peak is at 376 and it is attributed to n � �⇤ transitions of C � O bond44.
For AgNPs the spectra shows two peaks: the first at 490 nm related to a characteristic absorption band of silver
nanoparticles44, the second at 640 nm ascribed to di�erent nanoparticle sizes111, that is a bimodal size distribution29.

Figure 5.13 presents the UV-Vis spectra of silver triangular nanoplates (AgTNPs) (a) and silver triangular
nanoplates deposited on graphene oxide (AgTNPs)/GO) nanocomposite by in-situ method (b), both irradiated with
blue 440 nm, green 540 nm, red 650 nm, and white 200-700 nm wavelengths.

Figure 5.13: UV-Vis spectra of silver triangular nanoplates (AgTNPs) (a) and silver triangular nanoplates deposited
on graphene oxide nanocomposite by in-situ method (In-situ AgTNPs/GO) (b).

Figure 5.13 (a) shows two main peaks for silver triangular nanoplates. According to Saade et al.
11, a weak

absorption band SPR of silver nanoprisms is localized at 330 nm indicating a characteristic peak for anisotropic
nanoparticles shape. This SPR is attributed to the out-of-plane quadrupole resonances110. The second SPR, the
strong one, corresponds to the wavelength of the primary irradiation source11, which shows that a longer primary
irradiation wavelength produces larger particles108. This strong SPR is related to the in-plane dipole resonance
and its red-shifted means the growth of nanoparticles (due to irradiation wavelength)111. Other weak SPRs are
interpreted as in-plane quadrupole resonances, indicating di�erent nanoparticle sizes corresponding to multiple
modal size distribution110. Table 5.3 shows the absorption bands positions and its meaning for silver triangular
nanoplates (AgTNPs) corresponding to Fig. 5.13 (a). In agreement with literature11, AgTNPs has two main surface
plasmon resonance bands.
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Silver triangular
nanoplates (AgT-
NPs)

Peak Position[nm] Assignment

Blue 440 nm
1 337 Weak SPR characteristic peak of triangular nanoplates11coming

from out-of-plane quadrupole resonances110

2 505 Characteristic peak of triangular nanoplates depending on the
irradiation wavelength used in the photoreduction process110 and
it comes from the in-plane dipole resonance111

Green 540 nm
1 285 Weak SPR corresponding to flat structures formed in the nucle-

ation and it comes from the in-plane quadrupole resonances16

2 331 Weak SPR characteristic peak of triangular nanoplates11coming
from out-of-plane quadrupole resonances110

3 380 Weak SPR attributed to di�erent nanoparticle sizes111, and spher-
ical shape117. It comes from in-plane quadrupole resonances110

4 580 Characteristic peak of triangular nanoplates depending on the
irradiation wavelength used in the photoreduction process110 and
it comes from the in-plane dipole resonance111

Red 650 nm
1 334 Weak SPR characteristic peak of triangular nanoplates11coming

from out-of-plane quadrupole resonances110

2 533 Weak SPR attribute to di�erent nanoparticle sizes111 and plate-
like structures117. It comes from in-plane quadrupole reso-
nances110

3 825 Characteristic peak of triangular nanoplates depending on the
irradiation wavelength used in the photoreduction process110 and
it comes from the in-plane dipole resonance111

White 200-700 nm
1 335 Weak SPR characteristic peak of triangular nanoplates11coming

from out-of-plane quadrupole resonances110

2 450 Weak SPR attributed to di�erent nanoparticle sizes111, and spher-
ical shape117. It comes from in-plane quadrupole resonances110

3 680 Characteristic peak of triangular nanoplates depending on the
irradiation wavelength used in the photoreduction process110 and
it comes from the in-plane dipole resonance111

Table 5.3: Table of UV–Vis SPR bands positions of silver triangular nanoplates (AgTNPs) SPR bands positions,
corresponding to Fig. 5.13 (a)
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Blue 440 nm AgTNPs spectra has two SPR: the first SPR is a weak peak located at 337 nm, it is attributed to
a characteristic peak of anisotropic structures11 and it comes from out-of-plane quadrupole resonances110, and the
second SPR is a strong peak located at 505 nm corresponding to characteristic peak of triangular nanoplates due to
the irradiation wavelength110. Green 540 nm AgTNPs spectra has four SPR: the first weak SPR is located at 285
nm and it is related with flat structures coming from the nucleation. This absorption band is attributed to in-plane
quadrupole resonances16. The second SPR at 331 nm is a characteristic peak of triangular nanoplates11 as well as
that observed for the blue 440 nm sample. The third peak located at 380 nm represent a weak SPR attributed to
di�erent nanoparticle sizes, and spherical shapes111, it comes from in-plane quadrupole resonances110. The fourth
SPR located at 580 nm corresponds to the irradiation wavelength used in the photoreduction process110 and it comes
from the in-plane dipole resonance111.

Red 650 nm AgTNPs spectrum reveals three SPR: the first at 334 nm is a weak SPR characteristic peak of
triangular nanoplates11 also present in the above described samples. The second SPR is located at 533 nm and
corresponds to di�erent nanoparticle sizes indicating a bimodal size distribution111. Besides, it can be related with
faceted nanoparticles which means a preferential facet (side) growth, that in this project produce plate-like struc-
tures117. The third SPR is at 825 nm and is associated with the irradiation wavelength used in the photoreduction
process110. Finally, for white 200-700 nm AgTNPs the spectra reveals three peaks: the first peak at 335 nm is a
characteristic weak SPR of anisotropic structures11 and it is present in all the samples, demonstrating that anisotropic
and plate-like forms were obtained after photoreduction process. The second peak is located at 450 nm and it is
attributed to di�erent nanoparticle sizes, and spherical shapes111. The third peak at 680 nm is the one that depends
on the irradiation wavelength used in the photoreduction process, and it is directly related to nanoparticle size110.

The surface plasmon located in the range 330-340 nm is characteristic of anisotropic structures11. The presence
of SPR absorption bands before this range are attributed to plate-like structures that are formed during nucleation in
the chemical synthesis and that have not grown during the photo reduction process. The location of SPR absorption
bands after this range depends on the irradiation wavelength used in the photo reduction. For example, for the
wavelength 440 nm, the SPR should be located by the same value with a slight shift towards higher wavelengths,
this shows the growth of nanoparticles110. SPRs between 300 nm and the corresponding irradiation wavelength
corresponds to di�erent nanoparticles sizes, if it is located before 500 nm, it is attributed to spherical nanoparticles,
while if the SPR is after the 500 nm, it indicates plate-like structures117.

Among the samples, the red sample has the largest shift towards higher wavelengths, due to the irradiation
wavelength at 650 nm. Also, agglomeration of nanoparticles are responsible for big sizes and therefore the red shift,
as observed in Fig. 5.5. Another absorption bands between the characteristic peak of anisotropic structures and that
corresponding to the irradiation wavelength indicate a multiple modal size distribution29 as a result of the initial
polydispersed system of silver nanoparticles, as Fig. 5.12 confirms. Other reason is the presence of di�erent shapes
that generate other SPRs, as a consequence of the internal crystal structure of silver nanoparticles which depends on
the defects caused in the nucleation step19. These SPR absorption bands are attributed to the in-plane quadrupole
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resonances110. The irradiation wavelengths green 540 nm, red 650 nm and white 200-700 nm reveals more than two
SPR, due to a bimodal size and shape distribution29.

Figure 5.13 (b) shows the UV-Vis spectra of AgTNPs/GO nanocomposite by in-situ method irradiated with
di�erent wavelengths. As in AgTNPs case, the spectra present two absorption bands characteristic of anisotropic
structures. This confirms that the proposed in-situ method results in the formation of anisotropic shaped nanoparticles.
Table 5.4 corresponds to the AgTNPs/GO nanocomposite by in-situ method spectra and describes the SPR bands
positions observed.
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In-situ method AgTNPs/GO Peak Position[nm] Assignment

Blue 440 nm
1 340 Weak SPR characteristic peak of triangular

nanoplates11coming from out-of-plane quadrupole
resonances110

2 500 Characteristic peak of triangular nanoplates depending
on the irradiation wavelength used in the photoreduction
process110 and it comes from the in-plane dipole reso-
nance111

Green 540 nm
1 330 Weak SPR characteristic peak of triangular

nanoplates11coming from out-of-plane quadrupole
resonances110

2 570 Characteristic peak of triangular nanoplates depending
on the irradiation wavelength used in the photoreduction
process110 and it comes from the in-plane dipole reso-
nance111

Red 650 nm
1 330 Weak SPR characteristic peak of triangular

nanoplates11coming from out-of-plane quadrupole
resonances110

2 520 Weak SPR attribute to di�erent nanoparticle sizes111,
and plate-like structures117. It comes from in-plane
quadrupole resonances110

3 780 Characteristic peak of triangular nanoplates depending
on the irradiation wavelength used in the photoreduction
process110 and it comes from the in-plane dipole reso-
nance111

White 200-700 nm
1 330 Weak SPR characteristic peak of triangular

nanoplates11coming from out-of-plane quadrupole
resonances110

2 460 Weak SPR attribute to di�erent nanoparticle sizes111, and
spherical shape117. It comes from in-plane quadrupole
resonances110

3 640 Characteristic peak of triangular nanoplates depending
on the irradiation wavelength used in the photoreduction
process110 and it comes from the in-plane dipole reso-
nance111

Table 5.4: Table of UV–Vis SPR bands positions of in-situ method AgTNPs/GO nanocompposite SPR bands
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Blue 440 nm nanocomposite spectra has two SPR: the first SPR is a weak peak located at 340 nm, it is at-
tributed to a characteristic peak of anisotropic structures11, and the second SPR is a strong peak located at 500
nm corresponding to characteristic peak of triangular nanoplates due to the irradiation wavelength110. With respect
to the SPR observed in the AgTNPs spectra, no large shifts in the position of the peaks are noted indicating low growth.

Green 540 nm nanocomposite spectra has two SPR: the first weak SPR is located at 330 nm and it is a char-
acteristic peak of triangular nanoplates11. The second peak located at 570 nm is a strong SPR associated with the
irradiation wavelength used in the photoreduction process110. Unlike the AgTNPs spectra which has four SPR bands,
this spectra has only two, indicating a monomodal size distribution due to the nanoparticles sizes are around 30 nm,
which is corroborated with TEM characterization, review Fig. 5.8.

Red 650 nm nanocomposite reveals three SPR: the first at 330 nm is a weak SPR characteristic peak of triangular
nanoplates11. The second SPR is located at 520 nm and corresponds to di�erent nanoparticle sizes, and plate like
shapes111. The third SPR is at 780 nm and is associated with the irradiation wavelength used in the photoreduction
process110. Compared to AgTNPs, the SPR corresponding to irradiation wavelength for the nanocomposite has a
blue-shift of 45 nm indicating a smaller size of nanoparticles than in AgTNPs.

Finally, for white 200-700 nm nanocomposite the spectra reveals three peaks: the first peak at 330 nm is a char-
acteristic weak SPR of anisotropic structures11 and it is present in all the nanocomposites samples, demonstrating
that anisotropic and plate-like forms were obtained after photoreduction process. The second peak is located at
460 nm and it is attributed to di�erent nanoparticle sizes indicating a bimodal size distribution111. With respect to
AgTNPs, this peak shows a 10 nm red-shit associated with increased growth in nanoparticle size. The third peak at
640 nm is the one that depends on the irradiation wavelength110 used in the photoreduction process. This SPR band
has a blue-shift of 40 nm attributed to smaller nanoparticles than in AgTNPs. The red 650 nm and white 200-700
nm irradiation wavelengths presents more than two SPR related to di�erent nanoparticles sizes, having an multiple
modal size distribution. As we confirmed in the Fig. 5.5 and Fig. 5.6.

UV-Vis characterization showed that all nanocomposites made by the in-situ method contain nanoparticles
with anisotropic structure. These shapes are observed for the green 540 nm and white 200-700 nm AgTNPs/GO
nanocomposites, in the Fig. 5.8 and Fig. 5.6 characterizations, respectively.

5.2.5 Photoluminescence (PL)

Photoluminescen (PL) spectra were obtained with 332 nm excitation. PL was done in order to obtain information
about the presence, size distribution, and concentration of nanoparticles in the nanocomposite. Size particles are
analysed by the presence of peaks and its broadening118, while concentration of nanoparticles is related to the peak
PL intensity93. Figure 5.14 shows the PL spectra of graphene oxide pristine (GO Pristine) (a) and silver nanoparticles
(AgNPs) (b). Fig. 5.14 (a) Shows three emission peaks at 380 nm, 550 nm and 700 nm which are in agreement with
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Lan et al.
93. The PL spectra of GO emission is caused by electron transitions of non–oxidized carbon region and

oxidized carbon atoms93.

Figure 5.14: PL spectra of graphene oxide pristine (GO Pristine) (a) and silver nanoparticles (AgNPs) (b).

Fig. 5.14 (b) exhibits a characteristic peak of silver nanoparticles at 400 nm, Yeshchenko et al.
119 identify

this peak as B giving information about the size of the nanoparticles. The B band present means that the silver
nanoparticles have small sizes119 around 8-11 nm, as we saw in Fig 5.7. The red arrows indicate the first and second
modes signals coming from the lamp equipment and very thin peaks are considered noise. In the Table 5.5 the
characteristic and main peaks of Figure5.14 are described.
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Sample Peak Position[nm] Assignment

Graphene oxide pristine (GO
pristine)

1 380 Non- oxidized carbon region93.
2 550 boundary of oxidized carbon atoms93.
3 700 Water signal93.

Silver nanoparticles(AgNPs)
1 375 Characteristic peak for silver nanoparticles 8-11 nm, cor-

responds to the B band given by to the interband sp �! d
radiative transitions119

2 680 Noise

Table 5.5: Table of PL characteristic SPR bands of graphene oxide pristine (GO Pristine) and silver nanoparticles
(AgNPs).

Graphene oxide PL spectra shows three emission bands: the first at 380 nm corresponding to non- oxidized
carbon region93. The second peak is located at 550 nm and it os atrributed to boundary of oxidized carbon atoms93.
The third peak at 700 nm comes from the water signal93. For silver nanoparticles a characteristic peak located at
375 nm is observed, this is related with the B band given by to the interband sp �! d radiative transitions, the thinnest
peak the smallest nanoparticles 8-11 nm119.

Figure 5.15 shows the PL spectra of silver triangular nanoplates (AgTNPs) (a) and silver triangular nanoplates
deposited on graphene oxide (AgTNPs/GO) by in-situ method (b), both irradiated at blue 440 nm, green 540 nm,
red 650 nm and white 200-700 nm wavelengths. Fig. 5.15 (a) reveals the PL spectra of silver triangular nanoplates
(AgTNPs).
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Figure 5.15: PL spectra of silver triangular nanoplates (AgTNPs) (a) and silver triangular nanoplates deposited on
graphene oxide by in-situ method (In-situ AgTNPs/GO), both irradiated at blue 440 nm, green 540 nm, red 650 nm
and white 200-700 nm wavelength.

For the analysis of these spectra, the red arrows indicate the first and second modes signals coming form the lamp
equipment, and very sharp peaks are considered noise in the spectra. 5.15 a) Reveals a characteristic peak for silver
nanoparticles, it is located around 375-400 nm, the thinnest peak the smallest nanoparticles 8-11 nm119 as noted for
silver nanoparticles 5.14b). In the Table 5.6 main characteristic peaks are described.
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AgTNPs Peak Position[nm] Assignment

Blue 440 nm
1 370 Characteristic peak for small silver nanoparticles 5-11 nm,

corresponds to the B band given by to the interband sp �!
d radiative transitions119

3 535
Green 540 nm

1 340 Characteristic peak of bulk silver, it is atributed to direct
radiative interband recombination of the conduction sp-
band electrons with holes in the valence d band120

2 400 Characteristic peak for silver nanoparticles, corresponds
to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

Red 650 nm
1 370 Characteristic peak for silver nanoparticles, corresponds

to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

White 200-700 nm
1 340 Characteristic peak of bulk silver, it is atributed to to direct

radiative interband recombination of the conduction sp-
band electrons with holes in the valence d band120

2 400 Characteristic peak for silver nanoparticles, corresponds
to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

Table 5.6: Table of PL characteristic SPR bands of silver triangular nanoplates (AgTNPs), corresponding to figure
5.15 (a)

Blue 440 nm irradiation wavelength for AgTNPs shows one characteristic peak at 370 nm corresponding to the
B band given by to the interband sp �! d radiative transitions119. This peak is sharp indicating small nanoparticles
of 5-11 nm of sizes. Green 540 nm AgTNPs reveals two peaks: the first peak at 340 nm, characteristic of bulk silver
and it is attributed to direct radiative interband recombination of the conduction sp-band electrons with holes in the
valence d band120. The second peak is located at 400 nm, characteristic of silver nanoparticles, it is atrributed to
the B band given by the coupling of the incoming exciting and outgoing emitted photons with SPR119. Red 650 nm
irradiation wavelength for AgTNPs shows one charactristic peak at 370 nm that corresponds to silver nanoparticles,it
comes from the B band given by the coupling of the incoming exciting and outgoing emitted photons with SPR119.
White 200-700 nm irradiation wavelength ehibit two peaks: the first at 340 nm attributed to bulk silver and the
second peak located at 400 nm corresponding to characteristic peak for silver nanoparticles93. For green 540 nm,
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red 650 nm and white 200-700 nm, the main peak is wider than blue 440 nm sample, this is associated with bigger
nanoparticles sizes. Green 540 nm and white 200-700 nm PL peaks shows a saw shape which is related with di�erent
nanoparticles sizes16.

Figure 5.15 (b) shows the PL spectra of AgTNPs/GO nanocomposites irradiated with di�erent wavelengths. The
red arrows indicates the first and second modes signals coming form the lamp equipment and the stand in 730 nm
is atrributed to water signal93. PL spectra present a characteristic peak for silver nanoparticles located at 370-400
nm119, the ragged shapes corresponds to di�erent nanoparticles sizes16 as discussed for AgTNPs (a). In the Table
5.7 characteristic peaks are described.

In-situ AgTNPs/GO) Peak Position[nm] Assignment

Blue 440 nm
1 400 Characteristic peak for silver nanoparticles, corresponds

to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

Green 540 nm
1 370 Characteristic peak for silver nanoparticles, corresponds

to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

Red 650 nm
1 400 Characteristic peak for silver nanoparticles, corresponds

to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

White 200-700 nm
1 370 Characteristic peak for silver nanoparticles, corresponds

to the B band given by the coupling of the incoming
exciting and outgoing emitted photons with SPR119

Table 5.7: Table of PL characteristic SPR bands of silver triangular nanoplates deposited on graphene oxide by
in-situ method (In-situ AgTNPs/GO), corresponding to figure 5.15 (b).

Blue 440 nm nancomposite exhibit the main characteristic peaks for silver nanoparticles, it comes from the B
band given by the coupling of the incoming exciting and outgoing emitted photons with SPR119. Green 540 nm
nanocomposite reveals the caracteristic peak for silver nanoparticles as well as for red 650 nm and white 200-700
nm nanocomposites samples. Its width, that is larger than blue nanocomposite, indicates bigger nanoparticles. As
we saw in Fig. 5.8, Fig. 5.5 and Fig. 5.6. Besides, the PL spectra with highest intensity corresponds to green
540 nm nanocomposite samples due to the high concentration of nanoparticles observed in Fig. 5.8. AgTNPs
vs AgTNPs/GO spectra shows that for the nanocomposite there are larger nanoparticles than for triangular silver
nanoplates alone. The reason is that the graphene oxide can promote the growth of nanoparticles24 due to its reactive
sites at the edges and surface28.



CHAPTER �. RESULTS & DISCUSSION 77

5.3 Antibacterial Properties

5.3.1 Antimicrobial Disk Di�usion Test

In this section we present the antibacterial behaviour of graphene oxide dispersed (1.4 GO), silver nanoparticles
(1.1 AgNPs), silver triangular nanoplates (2. AgTNPs) and silver triangular nanoplates deposited on graphene oxide
by in-situ method (4.in-situ AgTNPs/GO nanocomposite) irradiated with 440 nm (blue), 540 nm (green), 650 nm
(red) and white 200-700 nm. Samples were tested by the antimicrobial disk di�usion test against E. coli, in order
to make a qualitative analysis. As a result, an inhibition growth zone (halo) is present and it reflects the magnitude
of susceptibility to microorganisms39 Results are interpreted as: if the sample shows an inhibition zone, seen as
halo, it has antibacterial properties, if it does not presents the halo, it does not have antibacterial behavior. This test
is the first step to make quantitative tests as optical density showed later. 5. Ex-situ samples were conducted with
a di�erent method than the one presented, as this research is still ongoing. The analysis for these samples is not
performed.

Ampicillin with a concentration of 10�2 g/L (Amp-2) and 10�3 g/L (Amp-3) were used as antibiotic controls.
Ampicillin is a b-lactam antibiotic with excellent antimicrobial properties, but its instability limits its application50.
It has been reported that Ag/GO nanocomposites have equivalent antibacterial e�ciency in comparison to that of
ampicillin50. For this reason is important to use ampicillin antibiotic as control, and for future comparison.

Figure 5.16 shows the zones of inhibition growth for the control ampicillin 10�3 (Amp-3), graphene oxide
dispersed (1.4 GO) and silver nanoparticles (1.1 AgNPs).

Figure 5.16: Zone of inhibition growth produced by ampicillin 10�3 (Amp-3) as the control, graphene oxide dispersed
(1.4 GO) and silver nanoparticles (1.1 AgNPs), on agar petri plate.

The arrows indicates: the blue arrow shows the halo for the control ampicillin 10�3, the red arrow reveals the
inhibition zone for silver nanoparticles and the black arrow points to the halo from graphene oxide dispersed solution.
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The presence of these halos confirms that silver nanoparticles and graphene oxide has antibacterial properties.
Figure 5.17 presents the inhibition zones for silver triangular nanoplates (2. AgTNPs) and silver triangular

nanoplates deposited on graphene oxide by in-situ method, both irradiated with di�erent wavelengths as blue 440
nm (blue), green 540 nm (green), red 650 nm (red) and white 200-700 nm (yellow).

Figure 5.17: Zone of inhibition growth produced by ampicillin 10�3 and 10�2 as the controls, silver triangular
nanoplates (2. AgTNPs) and silver triangular nanoplates deposited on graphene oxide by in-situ method, the last
two irradiated at (a) blue 440 nm (blue), (b) green 540 nm (green), (c) red 650 nm (red), and (d) white 200-700 nm
(yellow).

The green arrows shows the inhibition growth zone for silver triangular nanoplates , for all the irradiation
wavelengths AgTNPs reveals antibacterial behaviour. The pink arrows indicates the inhibition growth zone, observed
as halos, for AgTNPs/GO nanocomposites and all of them presents antibacterial activity.

After checking that the samples tested show antibacterial activity, the AgTNPs/GO nanocomposite vs AgNPs
samples are quantified and compared in the following Optical Density section.
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5.3.2 Optical Density(OD)

The microbial growth kinetics was studied based on the value of optical densities absorbance at 600 nm as a function
of time. Optical density indicates the concentration of bacteria cells at each time. One drop of each sample was used
to measure its absorbance in intervals of 30 minutes.

Gram-negative (G-) bacterial strain E. coli was chosen as the model organisms for evaluating antibacterial activity
of samples. Figure 5.18 shows the microbial growth curve for the blank, that is the bacteria with out antibiotic or
sample, silver nanoparticles (AgNPs), silver nanoparticles deposited on graphene oxide (AgNPs/GO), silver triangular
nanoplates (AgTNPs), and AgTNPs/GO nanocomposites, the last two irradiated at di�erent wavelengths.

Figure 5.18: Optical density of blank and ampicillin 0.05g/L (Amp control)with; a) silver nanoparticles with
out graphene oxide (GO): silver nanoparticles (AgNPs) and silver triangular nanoplates (AgTNPs), and b) silver
nanoparticles with GO: silver nanoparticles deposited on graphene oxide (AgNPs/GO) and silver triangular nanoplates
deposited on graphene oxide (AgTNPs/GO) nanocomposites. AgTNPs and AgTNPs/GO both irradiated at blue 440
nm, green 540 nm, red 650 nm, and white 200-700 nm.

Figure 5.18 reveals bacteria growth curves with a logarithm behavior which is in agreement with Zwietering
M. et al.

104. As an exception, ampicillin antibiotic used as control shows a decay curve indicating complete death
of the bacteria. The growth curves reveals the exponential phase given by the exponential growth of bacteria
cells, and it tends to the stationary phase. The stationary phase reveals the limitation of nutrition sources, and the
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accumulation of waste products103. Fig. 5.18 (a) presents the growth curves corresponding to silver nanoparticles
with out graphene oxide. While 5.18 (b) reveals the curves of silver nanoparticles deposited on graphene oxide (with
GO) nanocomposites, to observed the contribution of GO in the antibacterial properties. As can be observed silver
nanoparticles with graphene oxide samples shows lower absorbance values compared to silver nanoparticles alone.
To analyse quantitatively the antibacterial properties, optical density (OD) was calculated with 3.2 equation, where
the initial and final absorbance values are needed. Table 5.8 shows the initial and final absorbance values for each
sample: blank, ampicillin control, AgNPs, AgNPs/GO, AgTNPs, and AgTNPs/GO nanocomposites.

Sample x2 (arb. u.) x1 (arb. u.)

Blank 0.397 0.029
Ampicillin control 0.114 -0.233
AgNPs 0.375 0.023
AgNPs/GO 0.007 0.256
Blue 440 nm AgTNPs 0.039 0.33
Green 540 nm AgTNPs -0.173 0.107
Red 650 nm AgTNPs -0.025 0.324
White 200-700 nm AgTNPs -0.016 0.258
Blue 440 nm AgTNPs/GO 0.091 -0.184
Green 540 nm AgTNPs/GO 0.077 -0.237
Red 650 nm AgTNPs/GO 0.144 -0.176
White 200-700 nm AgTNPs/GO 0.277 -0.065

Table 5.8: Table of initial and final absorbance values for the blank, ampicillin control, silver nanoparticles (Ag-
NPs), silver nanoparticles deposited on graphene oxide (AgNPs/GO), silver triangular nanoplates (AgTNPs), and
AgTNPs/GO nanocomposites the last two irradiated at blue 440 nm, green 540 nm, red 650 nm, and white 200-700
nm wavelengths.

Absorbance negative values are given by the discalibration of the equipment or by the loss of precision when it is
measuring turbid solutions. However, the trend of the growth curve does not change, so we work with these values
and calculate the calibrated ones by adding a unit. Table 5.9 shows the calibrated absorbance and optical density
(OD) values.
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Sample x2 (arb. u.) x1 (arb. u.) Optical Density

Blank 1.397 1.029 -0.133
Ampicillin control 1.114 0.767 0.162
AgNPs 1.375 1.023 -0.128
AgNPs/GO 1.007 1.256 -0.096
Blue 440 nm AgTNPs 1.039 1.33 -0.107
Green 540 nm AgTNPs 0.827 1.107 -0.127
Red 650 nm AgTNPs 0.975 1.324 -0.133
White 200-700 nm AgTNPs 0.984 1.258 -0.107
Blue 440 nm AgTNPs/GO 1.091 0.816 -0.126
Green 540 nm AgTNPs/GO 1.077 0.763 -0.149
Red 650 nm AgTNPs/GO 1.144 0.824 -0.142
White 200-700 nm AgTNPs/GO 1.277 0.935 -0.135

Table 5.9: Table of calibrated absorbance initial and final values and optical density (OD) for the blank, ampicillin
control, AgNPs, AgNPs/GO, AgTNPs, and AgTNPs/GO nanocomposites the last two irradiated at blue 440 nm,
green 540 nm, red 650 nm, and white 200-700 nm wavelengths.

The optical density (OD) calculations reveals values as: for the blank the OD is -0.133, while for ampicillin
control is 0.162. Negatives OD values reveals the growth of the bacteria, while positive values, as observed in
the ampicillin control, indicates the decline of the curve or that the bacteria did not grow. For AgNPs the OD
is -0.128, while for AgNPs/GO is -0.096, indicating that AgNPs/GO has a lower concentration of bacteria cells
which means better antibacterial property than AgNPs. For AgTNPs irradiated at di�erent wavelengths the OD are:
for blue 440 nm is -0.107, green 540 nm has -0.127 OD, for red 650 nm is -0.133, and for white 200-700 nm is
-0.107. The highest negative OD values corresponds to AgTNPs green 540 nm and red 650 nm, showing the lowest
concentrations of bacteria cell. Finally, for AgTNPs/GO nanocomposites the OD values are: for blue 440 nm is
-0.126, for green 540 nm -0.149, red 650 nm has -0.142, and for white 200-700 nm is -0.135. The highest negative
OD values corresponds to green 540 nm and red 650 nm, revealing lower concentrations and better antibacterial
property among nanocomposites. These confirms the growth of the bacteria during the experiment, and a previous
analysis of the antibacterial e�ciency.

To compare the antibacterial e�ciency of the samples, the displacement of the curves with respect to the blank
was calculated. Each point on the curve was subtracted from the blank, and the results were averaged for each sample.
The more curve displacement there is, the more antibacterial e�ciency it shows. Table 5.10 shows the displacement
values calculated for the ampicillin control, AgNPs, AgNPs/GO, AgTNPs, and AgTNPs/GO nanocomposites.
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Sample Displacement(arb. u.) E�ciency (%)

Ampicillin control 0.428 100
AgNPs 0.001 1
AgNPs/GO 0.034 8
Blue 440 nm AgTNPs 0.057 13
Green 540 nm AgTNPs 0.233 54
Red 650 nm AgTNPs 0.079 18
White 200-700 nm AgTNPs 0.074 17
Blue 440 nm AgTNPs/GO 0.218 51
Green 540 nm AgTNPs/GO 0.287 67
Red 650 nm AgTNPs/GO 0.220 51
White 200-700 nm AgTNPs/GO 0.097 23

Table 5.10: Table of curve displacements between the blank and: ampicillin control, AgNPs, AgNPs/GO, AgTNPs,
and AgTNPs/GO nanocomposites, the last two irradiated at blue 440 nm, green 540 nm, red 650 nm, and white
200-700 nm.

For ampicillin control is 0.428 showing the largest displacement due to the concentration of the antibiotic, and
because it was used as a control in this experiment. Then, for AgNPs the displacement is 0.001, while for AgNPs/GO
is 0.034 revealing a better antibacterial behaviour when the GO is added. Next, a comparison between AgTNPs
and AgTNPs/GO nanocomposite is presented. For blue 440 nm, AgTNPs has a displacement of 0.057, while
nanocomposite presents 0.218. Green 540 nm AgTNPs shows a displacement of 0.233, while the nanocomposite
reveals 0.287 value. Red 650 nm AgTNPs has 0.079, while the nanocomposite shows 0.220 of displacement. Finally,
white 200-700 nm AgTNPs presents 0.074 of displacement, while the nanocomposite reveals 0.097. For all the
cases, the addition of GO causes an increase in the displacement value, which is directly related to the antibacterial
e�ciency as table 5.10 shows. The improvement between AgNPs and AgNPs/GO is 7 %, while for blue 440 nm
AgTNPs and AgTNPs/GO nanocomposite is 38 %. Comparing between green 540 nm AgTNPs and AgTNPs/GO
the improvement is 13 %. For red 650 nm sample, the increase is 33%, while for white 200-700 nm is 6%. The
improvement in the antibacterial e�ciency is due to the synergistic e�ect50 of AgTNPs and GO51. This e�ect is
also called "capturing-killing process" and it is explained in the introduction section.

To better observe the improvement of antibacterial properties of single nanoparticles versus nanoparticles with
graphene oxide, a bar graph is shown in Fig. 5.19, taking the absorbance values at the time 420 min for blank,
AgNPs, AgNPs/GO, AgTNPs, and AgTNPs/GO nanocomposites.
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Figure 5.19: Comparison bar graph of absorbance values taken at 420 min from the growth curves shown in Fig.
5.18, for blank, AgNPs, AgNPs/GO, AgTNPs, and AgTNPs/GO nanocomposites, the last two irradiated at blue
440nm, green 540 nm, red 650 nm, and white 200-700 nm.

The absorbance value reveals the concentration of bacterial cell in the solution measured. Therefore, the lower
the absorbance values, the less bacteria are present, and the better the antibacterial e�ciency. Then, AgNPs does
not present significant antibacterial e�ciency due to its high absorbance value. Comparing silver nanoparticles with
silver nanoparticles deposited on graphene oxide, in all cases there is a decrease in the absorbance value, which
means that the addition of graphene oxide improves the antibacterial e�ciency.

5.3.3 Dependence of concentration, size, and shape of nanoparticles deposited on graphene

oxide, on antibacterial properties

Antibacterial properties is dependent on the concentration of deposited nanoparticles on the graphene oxide39. The
more nanoparticles there are, the greater the possibility of contact between them and the cell membrane. This results
in increased cell membrane permeability55,56 and as explained in the introduction section, the intracellular passage of
nanoparticles and ions results in irreversible damage and eventually the death of the bacterial cell. Another advantage
of the high concentration of nanoparticles in the nanocomposite is a decreasing e�ect in the negative charge of GO,
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promoting greater adsorption47 given by the oxygen functionalities, and therefore is a greater probability of silver
nanoparticles-cell membrane contact.

Regarding the size dependence of nanoparticles, it has been reported121 that nanoparticles by themselves have
an antibacterial e�ect that increases with the reduction of the size of the nanoparticles,39. Small nanoparticles can
penetrate more easily than the big ones51. Besides, it is reported49 that silver nanoparticles with sizes between
1 and 10 nm (as we saw in Fig. 5.7)showed anisotropic shapes as planar twinned, octahedral, icosahedral, and
decahedral. These structures predominantly has (100) facets with small percentage of (111) facets49. The (111)
facets are high-atom-density facets and therefore, they has high reactivity49. Then, silver triangular nanoplates has
better antibacterial properties than silver nanoparticles, due to its structural configuration containing (111) facets49.
The deposition of silver triangular nanoplates on graphene oxide increased the antibacterial e�ciency owing to the
synergistic e�ect produced by AgTNPs and GO. AgTNPs containing (111) facets with high reactivity, and GO by
their strong adsorption properties.

Among the AgTNPs/GO nanocomposites irradiated with di�erent wavelengths, the green 540 nm nanocomposite
had most of its nanoparticles photoconverted to triangular nanoplates, and also it exhibited a high concentration of
them. Higher photo conversion to triangular nanoparticles means more high-atom-density facets (111) and more
reactivity from the sample49. While a high concentration of nanoparticles increase the possibility of contact with
cell membrane. With respect to white 200-700 nm nanocomposite, anisotropic structures were also observed in Fig.
5.6. However, these nanoparticles are very large compared to green 540 nm nanocomposite, which does not benefit
the antibacterial properties owing to smaller nanoparticles are preferred so that they can penetrate the membrane.



Chapter 6

Conclusions & Outlook

In the photochemical reduction process, the role of the irradiation wavelength is significant, owing to it a�ect
the size and shape of nanoparticles11. Since all the samples were irradiated by the same time, the e�ect on the
photoconverison process depends mainly of the irradiation wavelength. Increasing the wavelength of irradiation,
increases the anisotropy of the final nanoparticle108. To confirm this dependence and the formation of AgTNPs/GO
nanocomposite: SEM, TEM, Raman spectroscopy, UV-Vis spectroscopy and PL characterization were done.

SEM micrographs presents AgNPs deposited on GO. The highest AgNPs concentration was seen for green 540
nm AgTNPs nanocomposite. TEM micrographs were measure for blue 440 nm and green 540 nm nanocomposites.
It was noted that green 540 nm nanocomposite has more nanoparticles photo converted to triangular nanoplates,
while blue 440 nm shows small sizes corresponding to initial silver nanoparticles. UV-Vis espectroscopy exhibited
spectra with two characteristic absorption bands coming from the SPR of anisotropic structures. Finally, PL spectra
revealed a characteristic peak of silver nanoparticles located at ⇠400 nm. Characterization techniques demonstrated
that e�ectively the silver nanoparticles are deposited on graphene oxide, and anisotropic structures such as triangular,
hexagonal, pentagonal, and cubic were found. The presence of anisotropic structures confirms that the photoreduction
method is an e�cient and low-cost method to obtain AgTNPs/GO nanocomposite.

Antibacterial properties were tested by antimicrobial disk di�usion and optical density tests. Antimicrobial
disk di�usion test confirms that qualitatively the nanoparticles and nanocomposites has antibacterial behavior due
to the halo observed. Then, optical density showed growth bacteria curves with the exponential and stationary
phases. Curve displacements were calculated with respect to the blank. Comparing between AgNPs and AgTNPs
versus AgNPs/GO and AgTNPs/GO respectively, nanocomposites showed increased displacement values which
directly influence in the antibacterial e�ciency. This is due to the synergistic e�ect between silver nanoparticles
and graphene oxide. AgTNPs/GO nanocomposites improved the antibacterial e�ciency as compared to AgNPs/GO,
demonstrating that silver triangular nanoplates shape influence in the antibacterial properties. Finally, green 540
nm AgTNPs/GO revealed the larger displacement and the highest antibacterial e�ciency, due to it had the greatest
photoconversion to triangular nanoplates and highest concentration of nanoparticles.

From the antibacterial point of view, the nanocomposite proposed in this project is an alternative for antibiotics,
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since ampicillin is unstable which limits its uses and applications. Besides, an study of toxicity of silver nanoparticles
and graphene oxide should be done. From the nanostructural perspective, further investigations about the e�ect of
the photoreduction process on graphene oxide is open. Actually, this project is going in deep analysis of Raman
spectra results. Also, complementary techniques as Fourier Transform Infrared Spectroscopy (FTIR), and X-ray
Photoelectron Spectroscopy (XPS) can be done, in order to identify any charge transfer between AgNPs and GO.
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Appendix A

Complementary TEM micrographs for

histograms.

Figure A.1: Complementary Bright-field micrographs for blue 440 nm AgTNPs/GO nanocomposite for the perfor-
mance of the histogram shown in Fig. 5.7(c).
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Figure A.2: Complementary Bright-field micrographs for green 540 nm AgTNPs/GO nanocomposite for the perfor-
mance of the histogram shown in Fig. 5.8(c).
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