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Bilal Amin Mughal 

This research presents a novel approach to the synthesis and characterisation of silver 
nanoparticles (AgNPs), with a specific focus on anisotropic silver nanorods (AgNRs). Unlike 
previous studies that primarily concentrated on batch synthesis methods, this work pioneers the 
integration of continuous flow synthesis for scalable, controlled production of AgNRs. The 
continuous flow method ensures improved reproducibility, scalability, and control over reaction 
conditions, addressing major challenges in batch synthesis. This research also introduces 
innovative reactor designs, including 3D-printed continuous flow reactors, demonstrating their 
efficiency in producing AgNRs with aspect ratios tailored for near-infrared (NIR) absorption. 

A key contribution of this thesis is the systematic optimisation of synthesis parameters to 
achieve enhanced control over the size, shape, and optical properties of AgNRs. This 
optimisation fine-tunes the aspect ratio of AgNRs to ensure NIR absorption, which is critical for 
applications such as stealth technology and photonic devices. The research also establishes 
strong correlations between synthesis conditions and localised surface plasmon resonance 
(LSPR), leading to precise optical performance. 

Furthermore, the thesis advances the application of AgNRs by successfully integrating them 
into polymer matrices. The development of a silver-polymer nanocomposite was achieved by 
embedding AgNRs within a polymethyl methacrylate (PMMA) matrix, enhancing the composite's 
optical properties. These nanocomposites exhibit enhanced NIR absorption, positioning them as 
potential candidates for infrared shielding materials, solar energy harvesting, and stealth 
technology. 

The findings contribute to the field of nanomaterials by demonstrating the effectiveness of 
continuous flow synthesis in producing functionalised AgNRs for industrial applications. Future 
research is recommended to focus on the further improvement of flow process and 
functionalisation of AgNRs and refining the polymer nanocomposite technology for enhanced 
performance in optical and related applications. The potential for scaling up the continuous flow 
synthesis for silver nanoparticle production are also discussed as crucial steps towards 
sustainable development in nanotechnology. 
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Chapter 1 Introduction 

1.1 Background 

Throughout the course of history, human civilisation has advanced and altered various 

materials to satisfy diverse needs. The development of technology has enabled the 

manipulation of material structures at the nanoscale, which has opened avenues for 

the integration of nanotechnology into various aspects of daily life. Nanotechnology is 

a field of research that has been extensively studied and utilised for a wide range of 

applications. Several methods are used to develop different nanostructures including 

nanoparticles, nanorods, and nanowires. By changing the nanostructure of the 

materials, their properties can be modified to perform a certain function or desired 

properties. Enhanced material properties (e.g. high strength, and lightweight) [1], 

microelectromechanical systems (MEMS) [2], photonics, medical devices/treatments 

[3] are some of the applications of nanotechnology.  

A structure or component can only be called ‘nano’ if at least one of its dimensions is 

in the nanometre range of under 100 nm. For example, nanorods can be several 

micrometres in length, however their diameter is only tens of nanometres. Figure 1.1 

depicts the nanometre scale in relation to some micrometre sized objects [4]. 

 

Figure 1.1. Nanometre scale compared to some larger structures [4] 
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In recent times, there has been a heightened focus on the creation of nanomaterials 

using noble metals, with silver (Ag) being a particularly sought-after option due to its 

exceptional plasmonic and antimicrobial characteristics. These properties enable the 

use of Ag nanoparticles (AgNPs) in a range of applications, such as Raman 

spectroscopy [5], electronics (sensors & supercapacitors), biochemical sensors, and 

antimicrobial agents [6]. The dimensions of AgNPs lie within the range of 1 nm to 100 

nm. There are various methods for synthesising AgNPs, including chemical, physical, 

and biological. The growing research on AgNPs is demonstrated in Figure 1.2. 

 

Figure 1.2. Number of publications with ‘silver nanoparticles’ in the article title, abstract or 
keywords (data obtained from scopus.com). 

The utilisation of nanoscale materials can be optimised by manipulating their 

behaviour at the nanoscale. The behaviour and interactions of atoms are dictated by 

the forces present at the nano-level, which ultimately control the material's final 

properties. These forces differ from those operating at the macroscale and operate on 

a nanoscale. Unlike gravitational forces, which are proportional to mass, electrostatic 

forces are significantly affected by short distances. 

One of the main differences at the nanoscale is the increased surface area to volume 

ratio (s/v ratio). Therefore, electrostatic forces are crucial components. This increase 

in the s/v ratio results in increased surface energy for nanomaterials. In a solution, 

these nanoparticles stick together and become lumped, which is not desired. As a 

result of the increased s/v ratio, the chemical reaction kinetics is also changed. 
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Because of few atoms close to each other at the surface, a band of loose valence 

electrons is open to binding to other atoms and result in increased chemical reaction 

rates.  

Silver (Ag) is an excellent example of how noble materials at nanoscale offer great 

benefits. In bulk form, silver is inert. However, in nano-form, it finds numerous 

applications in various fields. One of its applications is that it is an excellent catalyst, 

for example in C-H and C-C bonding, reduction of nitroaromatics and carbonyl 

compounds, and oxidation of alcohols [7], [8]. Recently, there have been numerous 

studies carried out using noble metals as catalysts (see references for some 

examples) [9], [10], [11], [12]. One important point to take into consideration when 

utilising such materials is the controllability over reactions as high activity rates can 

lead to undesired reactions, i.e., oxidation. 

The synthesis of nanomaterials with a specified structure and geometry is feasible. 

This capability is beneficial in the creation of nanomaterials with targeted functionality, 

such as catalysts. Molecular recognition sites, which dictate the bonding of other 

molecules, vary in number and arrangement, thereby the regulation of geometry, 

including edges and vertices, can lead to an augmented rate of reaction and stability 

[13].    

When a material is reduced in size to the nano level, its optical properties are changed 

too. The size of particles governs their appearance. For example, AgNPs do not 

appear as bulk silver does. The geometry (i.e., shape and size) of the nanoparticles 

regulates the wavelength of light absorbed and reflected. For AgNPs in 30 nm 

diameter, the absorbance band is between 400 to 550 nm wavelength (blue to green 

region) of visible light, whereas the 700 nm wavelength (red) is reflect, which is why 

they appear red. AgNPs in 100 nm diameter, the absorbed wavelength is around 700 

nm, so they appear blue [14]. The observed colour change is  a result of optical 

phenomenon known as surface plasmon resonance (SPR). The phenomenon occurs 

for the nanoparticles having a smaller size than the wavelength of light. When such 

nanoparticles are irradiated by light, the oscillating electric field from light results in 

coherent oscillation of conduction band of electrons around the nanoparticle surface 

(as shown in Figure 1.3) [15]. 
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Figure 1.3. Schematic of localised surface plasmon resonance (LSPR) in a spherical metal 
particle [15,16]. 

The excitation of the electrons results in absorption of light at a resonant wavelength 

for the nanoparticles in the corresponding region of electromagnetic radiation. Factors 

such as geometry can affect the resonant frequency. The correlation of the colour 

variation observed and the absorbance spectra in the noble metal colloid are shown 

in Figure 1.4. 

 

Figure 1.4.  (A) Colloidal AgNPs with different colours. (B) Absorption spectra of 
corresponding colloid [17] 

 

1.2 Anisotropic nanoparticles 

Anisotropy, the property of an object that is direction-dependent, is present throughout 

the universe. It is the foundation of complex systems, which range from the formation 

of new galaxies in the universe to cell mitosis in eukaryotes. It is easy to overlook the 

importance of anisotropy at large scales, yet the formation of systems with complex 
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functions is not possible without anisotropic building blocks. The rule is true for small 

scale structures, and examples of such structures are found throughout nature 

exploiting anisotropy for useful functional materials. Bird and insect wings display 

iridescence due to the interaction of light with their asymmetric nanoscale 

characteristics [18]. Bones exhibit high rigidity and toughness because its assembled  

from anisotropic components [19].          

For many years, chemists have pursued the replication of the structural and functional 

complexity found in nature to obtain increasingly complex materials for a variety of 

applications including energy harvesting and drug delivery. The utilisation of 

nanoscale anisotropy has been demonstrated to yield substantial advancements in 

material performance, particularly. Solar cells based on anisotropic nanostructures, 

for example, can achieve greater efficiency in light harvesting than those constructed 

from simple isotropic building blocks [20]. In vivo, anisotropic nanoparticles exhibit 

different behaviour compared to their isotropic equivalents, and particle shape is 

increasingly recognised to be a critical design parameter for the next generation of 

nanomedicines to be realised [21].  

The fundamental influence of anisotropy is well-known on the properties of nanoscale 

structures. Therefore, how can anisotropy be regulated to change the properties of the 

material? In biology, precise determination of anisotropy is important to unlock 

complex functionality. This can be seen in certain viruses like tobacco mosaic virus 

(TMV), the packaging in capsids consists of numerous copies of the capsomer protein 

[22]. This is a complicated process for chemists as they have to control the anisotropic 

nanoparticles. Over the past two decades, the rapid creation of new processes has 

been witnessed that allow highly accurate preparation of anisotropic nanoparticles. 

This has enabled research in nanoparticles based on their geometry-function 

combinations. Studies using well-defined anisotropic nanostructures (i.e., with a single 

morphology and small sizes) and insight into how the tuning form helps us to precisely 

monitor the material properties are a priority. 

Inorganic nanosized particles have been the subject of great interest recently due to 

their unique properties [23]. With the mean free path of an electron in metals at room 

temperature being between 10-100 nm, it is predicted that as the metal particles are 

reduced to such nano-size scales, unique properties could be obtained [23].  Spherical 

gold and silver nanoparticles with a diameter of less than 100 nm appear red and 
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yellow respectively, when suspended in transparent media [23]. When they are less 

than 3 nm in diameter, they are non-reactive, but are able to catalyse chemical 

reactions [8]. As well as possessing unique valuable properties, inorganic nanowires 

exhibit exceptionally high strength, stiffness, and ductility combinations compared to 

bulk materials. One-dimensional nanoparticles such as nanorods and nanowires (see 

Figure 1.5 for different morphologies of nanoparticles) have promising applications in 

electronics, photonics, bio-chemical sensing and imaging, and drug delivery [17–19]. 

The optical properties of silver and gold nanoparticles can be tuned in the visible and 

near-infrared wavelengths according to their shape, size, and local di-electric 

environment  [15]. In addition, molecules that adsorb to these nanoparticles’ surface 

exhibit enhanced surface-enhanced Raman scattering (SERS) effects. This is 

because of the collective oscillation of electrons in the conduction band, a process 

known as surface plasmon resonance. Therefore, optical sensors are one emerging 

application of metallic nanoparticles [27]. 

 

Figure 1.5. Different morphologies of gold nanoparticles: A) nanocubes; B) branched 
nanoparticles; C) dodecahedral; D) nanoprisms; E) nanorods; F) nanostars [28] 

For 1-dimensional metallic nanoparticles such as nanorods and nanowires, there are 

two separate plasmon bands: the transverse plasmon band, which corresponds to light 

absorbance along the short axis of the particle, and the longitudinal plasmon band, 

which corresponds to light absorbance along the long axis of the particle. For non-

spherical nanoparticles, other weaker bands are also seen due to quadrupoles. The 
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enhanced electric fields present at the tips of 1-dimensional nanoparticles lead to 

improved plasmonic properties, which can be useful for optical and electrical 

applications [27]. Gold and silver nanoparticles have been utilised as contrasting 

agents in electron microscopy due to their electron-dense property. They are also 

being used in biological optical imaging and sensing applications [27]. These 

applications are possible due to the elastic light-scattering properties of these 

nanoparticles, and they also depend on the shift of the plasmon band maxima with 

local dielectric constant.             

Specifically, anisotropy yields a diverse range of physical, chemical, and biological 

properties that are unattainable in isotropic structures [29], [30]. Nevertheless, the 

majority of research in this area has been centred on contrasting isotropic particles 

with a solitary sample of anisotropic particles (typically dispersed). It is extremely 

limited to examine variations between different shapes and sizes of nanoparticles 

(isotropic and anisotropic) that are of the same surface chemistry. Such types of 

studies may lead to a much more thorough understanding of how the parameters of a 

nanoparticle are connected to its properties and how they can be further manipulated 

to achieve the end goals of the application.  

 

1.3 Motivation 

Technological advancements pose a formidable challenge to the endurance of military 

equipment and vehicles in hostile environments, such as warfare. The emergence of 

new detection methods and technologies has facilitated the detection of vehicles, 

including fighter aircraft, thereby granting the adversary an advantage. The 

susceptibility of military aircraft and other equipment can be reduced using methods 

such as, suppressing the vehicle signatures, damage enemy defence systems, 

employ systems that warn about threats and using electronic counter-measures [31]. 

Of these, signature suppression has gained attention due to the broad signature 

detection technologies available, including radar, infrared and acoustic.    

It is already known that silver possesses plasmonic properties. Depending on the 

geometry, silver nanoparticles (AgNPs) can be used to absorb specific wavelengths 

of electromagnetic radiation. For example, spherical and triangular nanoparticles can 
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absorb in the ultraviolet to visible regions. Studies have shown that AgNPs can be 

tuned to absorb desired wavelengths of light, where silver nanorods can absorb in the 

NIR [32]. By increasing the aspect ratio, the absorption can be increased [33]. 

Therefore, this study aimed to develop AgNPs to absorb light in the near-infrared (NIR) 

wavelengths. Nanorods were chosen for this study because their anisotropic shape 

allows for precise tuning of their optical properties, particularly in the near-infrared 

(NIR) region. Unlike spherical nanoparticles, which have a single localised surface 

plasmon resonance (LSPR) peak, nanorods exhibit two distinct plasmonic modes: the 

transverse plasmon band (along the short axis) and the longitudinal plasmon band 

(along the long axis). The longitudinal plasmon band can be systematically shifted into 

the NIR region by controlling the nanorod’s aspect ratio [34]. This makes them ideal 

candidates for applications requiring absorption and manipulation of NIR light, such as 

stealth coatings and photothermal energy conversion. 

Additionally, silver nanorods (AgNRs) offer high plasmonic efficiency, meaning they 

strongly interact with light, leading to enhanced absorption and heat generation [35]. 

This is particularly important for stealth technology, where reducing reflections and 

controlling thermal signatures are critical, and for solar energy applications, where 

efficient light absorption can enhance energy harvesting. The ability to fine-tune their 

optical response via synthesis parameters makes AgNRs a superior choice over other 

nanoparticle morphologies. 

Using the above nanoparticles, nanocomposite coatings can be developed for defence 

applications, especially for use on military vehicles such as aircraft. Apart from heat 

from engine and exhaust, radiation from sun, or velocity-generated heat is an issue as 

infrared-guided missiles can target the vehicles. It has been proposed that IR signature 

can be reduced by using coatings that absorb IR wavebands in the 0.2-2 μm, 5-7 μm 

and 8-14 μm spectrum [36], [37], [38]. Such coating materials can be applied on 

military equipment and clothing to reduce the IR signature.  

Despite there being a large number of studies about synthesis of silver nanoparticles 

for antimicrobial studies, as well as other medicinal studies and solar energy 

applications, there is very little if any literature about its applications for infrared 

absorption, or stealth purposes. Plasmonic research in this area is in very early stages, 

therefore a lot more research is required to explore and understand fully the absorption 
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processes for infrared applications. As mentioned above, the plasmonic response 

depends on the geometry of the nanoparticles, however, there are many other 

challenges that must be overcome during the synthesis. The common issue for 

nanorod synthesis is the difficulty to control the size, shape, aspect ratio. It is 

necessary to research and develop an optimised synthesis method for silver nanorods. 

The approach should consider the economic and environmental impact of synthesis. 

Finally, there is a need to synthesise these nanomaterials on an industrial scale. One 

of the ways to achieve that is by using continuous flow reactors. A flow reactor (also 

called micro reactor) is an apparatus that has micro channels in which chemical 

reactions take place [39]. In comparison to batch synthesis, flow/micro reactors offer 

continuous production (contrast with/to a batch reactor). They offer many advantages 

over conventional scale reactors, including vast improvements in energy efficiency, 

reaction speed and yield, safety, reliability, scalability, on-site/on-demand production, 

and a much finer degree of process control.  

The sensitive nature of the application may be another reason for the lack of published 

research in this field as governments would not want to publish such research in the 

public domain, risking leakage of classified information. It is therefore a requirement 

of this project to adhere to the non-disclosure agreement with the industrial sponsor, 

Defence Security and Technology Laboratory (Dstl).  

 

1.4 Aim & objectives 

The aim of this research project was to develop anisotropic silver nanoparticles (mainly 

silver nanorods) for near infrared (NIR) absorption. The specific objectives of the work 

were to: 

• Synthesise Ag nanorods with improved control over their diameter, aspect ratio 

and arrangement;  

• Optimise the synthesis of Ag nanorods to achieve stable productivity and 

absorption in NIR and higher wavelengths;  

• Characterise the absorption and scattering properties of the nanorods by UV-

IR spectroscopy;  

• Characterise the morphology and geometry of nanorods using TEM;  
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• Design, construct, and test flow reactors for continuous production of Ag 

nanorods; and  

• Synthesise and characterise AgNP/polymer nanocomposite.   
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Chapter 2 Background and Literature Review 

This chapter provides a comprehensive overview of plasmonic nanoparticles, focusing 

especially on nanorods, and covering their properties, synthesis methods and 

applications. The chapter commences with a thorough literature review to explore the 

current understanding of the physical and chemical properties of plasmonic 

nanoparticles and the various synthesis methods used to produce them. 

Subsequently, the chapter delves into the diverse applications of silver nanoparticles, 

including their use in medicinal, electronics and catalysis applications. The primary 

objective of this chapter is to demonstrate an in-depth understanding of silver 

nanoparticle research, development, and applications, on which this research project 

is based. 

2.1 Light properties 

Electromagnetic radiation is an electric and magnetic disturbance travelling through 

space carrying energy in the form of waves. The wave comprises of electrical and 

magnetic fields at right angle to each other. The main characteristic to identify them is 

the wavelength (λ), which is the distance between two peaks or troughs. The 

wavelengths vary between femtometres (gamma rays) to kilometres (radio waves). 

Visible light ranges from 400 nm to 700 nm. Infrared (IR) radiation has a range 

between 700 nm and 1 mm; it is the region focused upon in this project. 

Scottish scientist James Maxwell published a historic paper in 1865 entitled “A 

Dynamical Theory of the Electromagnetic Field” to explain the fundamentals of 

electromagnetic radiation [40]. Maxwell combined previously known laws (Ampere, 

Faraday and Gauss) into four equations named after him. The equations are listed 

below and use the following operators: 

i. D is the electric displacement field 

ii. ρv is the charge density 

iii. B is the magnetic flux density 

iv. E is the electric field 

v. H is the magnetic field and  

vi. J is the electric current density 

vii. ∇∙ and ∇× refer to the divergence and curl of a vector function        



12 
 

 𝛻 ∙ 𝐷 =  𝜌𝑣 (2-1) 
 

 𝛻 ∙ 𝐵 =  0 (2-2) 
 

 
𝛻 × 𝐸 = − 

𝛿𝐵

𝛿𝑡
 

 

    
(2-3) 

 
𝛻 × 𝐻 =  

𝛿𝐷

𝛿𝑡
+ 𝐽 

 

     
(2-4) 

These equations allow physicists to understand the behaviour of electromagnetic 

waves and their interaction with media and velocity as they propagate through the 

different media. In a vacuum, these waves travel at the speed of light (i.e., 299,792,458 

m/s). This velocity is different for different media and is related to the permittivity and 

permeability (ε, μ) of that medium. Using the difference in speed between vacuum and 

in a given medium, the refractive index (n) can be calculated using the following 

equation: 

 𝑛 =  
𝑐

𝑣
 (2-5) 

  

 𝑐 = 𝜆𝑣 (2-6) 
 

 𝐸 = ℎ𝑣 (2-7) 

 

𝜆 = Wavelength of the electromagnetic wave 

𝑣 = Frequency of the wave 

 

Light is a form of electromagnetic radiation and one of number of waves travelling 

through space. It is part of the electromagnetic spectrum which comprises of longer 

wavelength waves (1 m – km), such as sound waves, to short wavelength waves such 

as gamma rays.  

Interaction between light and the surface of an object results in one of the following: 

(i) transmission through the object, (ii) reflection off the surface, or (iii) absorbance 

(see Figure 2.1). A good example where light is manipulated is lenses on the 

sunglasses; an optical coating allows reflection of the harmful ultra-violet wavelength 

and transmission of visible wavelength.  
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Figure 2.1. Interaction of light with an object 

During absorption, the energy from the incident light is transformed into a different 

form, usually heat, thus the light does not emerge from the material. During 

transmission, the incident light simply travels through the material, entering one side 

and exiting from the other. The phenomenon of reflection causes the radiation to be 

re-emitted from the material. There are two forms of reflection, namely specular and 

diffuse (scattering). In the former, the angle of reflection is same as the incident angle, 

whereas in the latter the reflection is in many directions.  

2.2 Localised surface plasmon resonance 

Plasmonic nanomaterials exhibit absorption ranges that may closely resemble the 

absorption peaks of semiconductor nanomaterials. However, the absorption 

mechanisms of plasmonic nanomaterials are fundamentally distinct as they do not 

arise from transitions between quantized energy states, but rather from the excitation 

of the collective electron cloud motion [41]. The electric field effect prompts the 

occurrence of plasmon excitation at the electron cloud located on the surface. This 

excitation displays a resonance at a specific frequency of the incoming light, resulting 

in an optical absorption [42]. This phenomenon is known as localised surface plasmon 

resonance (LSPR) [43].  

As the particles’ size is reduced, the interaction of incident light with the conducted 

electrons takes place on the particle boundary. The optical properties are affected by 

this metal-dielectric boundary, becoming dependent on the size and shape. When light 

strikes nanoparticles, the electric field of light causes the conducted electrons to 

oscillate coherently (see Figure 2.2). When nanoparticles are much smaller than the 

light wavelength, the absorption range is very narrow, that region is known as plasmon 

band. [44]       
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Figure 2.2. Schematic of localised surface plasmon resonance (LSPR). Coherent oscillations 
in the free electrons of the material may be induced by the oscillating electric field of the 

incident light [16]. 

Nanorods exhibit distinctive characteristics in their absorbance spectrum, as depicted 

in Figure 2.3(a) and (b). Specifically, two absorption bands are evident, known as the 

longitudinal plasmon band (LPB) and the transverse plasmon band (TPB). These 

bands correspond to electron oscillations along the nanorod's long and short axes, 

respectively. Notably, the TPB remains unaffected by changes in nanorod size or the 

surrounding refractive index. On the other hand, the LPB undergoes a red-shift with 

an increase in the nanorod's aspect ratio and is highly sensitive to changes in the 

refractive index [45]. The Localised Surface Plasmon Resonance (LSPR) properties 

are significantly influenced by factors such as nanoparticle size, shape, dielectric 

properties, and the surrounding medium [46]. These factors impact the electron charge 

density on the particle surface and consequently affect the LSPR response. Moreover, 

LSPR demonstrates high sensitivity to changes in the local dielectric environment's 

refractive index.  

 

Figure 2.3. Schematic illustration of LSPR excitation for nanorods and (b) LSPR absorption 
bands of nanorods: longitudinal and transverse plasmon bands [47]. 
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The optical properties of silver nanoparticles are highly sensitive to particle 

morphology. As shown in Figure 2.4, spherical AgNPs typically exhibit a single, sharp 

absorption peak around ~400 nm, corresponding to the dipolar localised surface 

plasmon resonance (LSPR). In contrast, anisotropic structures such as silver 

nanorods display two distinct LSPR bands: a transverse peak (similar to spheres, 

~400 nm) and a longitudinal peak in the visible to near-infrared (NIR) region, the 

position of which shifts to longer wavelengths with increasing aspect ratio [48]. Silver 

nanoprisms, due to their planar geometry and multiple plasmon modes, exhibit 

broader and more complex spectral features, often spanning the 600–900 nm range 

[49]. 

Understanding these spectral signatures is essential for interpreting UV-Vis data 

presented in later chapters, where particle shape and uniformity are deduced from 

peak positions and relative intensities. 

 

Figure 2.4. Example UV-Vis-NIR absorption spectra for common silver nanoparticle 
morphologies. (a) yellow- 10nm spherical particles; orange- 35 nm long nanoprisms; violet- 
40 nm long nanoprisms; and blue- 64 nm long nanoprisms [49]. (b) black- 10 nm silver seed 

particles; pink- nanorods with aspect ratio 6; purple- nanorods with aspect ratio 11; and 
green- nanorods with aspect ratio 15 [48]. 

The plasmon intensity during the interaction depends on the geometry, particle 

distribution and interface and dielectric function of the nanoparticle and host [42]. 

Taking into account these factors, it is possible to control the final properties of the 

material. The interaction is different depending on the material; therefore, they produce 

different colours. Two mechanisms that are associated with extinction of light are 

absorption and scattering, with the former being the more dominant factor. 
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Nanoparticles were used during the Roman era, with applications being glass using 

gold and silver nanoparticles [50].  

Gold and silver are two of the most researched materials due to the pronounced 

plasmonic properties. An increase in their nanoparticle size results in the a red-shift of 

the absorption [43]. Compared to quantum dots, this variation due to size is small in 

metallic nanoparticles. For nanoparticles less than 30 nm in size, the shift is relatively 

small. For larger nanoparticles, this shift is larger, as illustrated in Figure 2.5A for the 

effect of size. The absorption band depends on the geometry of the nanoparticle. For 

example, in nanorods, the plasmon band exhibits two modes which results in 

oscillation of electrons in the longitudinal and perpendicular axis to the length. 

Therefore, in the nanorods, the absorption is dependent on the aspect ratio. An 

example of this increased size effect is displayed in Figure 2.5B, which shows the 

plasmon resonance absorptions of gold nanorods. 

 

Figure 2.5. UV–vis absorption spectra and absorption shift of gold nanoparticles. (A) UV–vis 
absorption spectrum of the synthesised gold nanoparticles. (B) Shift in absorption λrps of 

gold nanoparticles with particle size [51]. 

The light absorption resulting from localized surface plasmon resonance (LSPR) in 

spherical nanoparticles can be described using the Mie solution to Maxwell's 

equations [52]. The Mie theory provides the following formula for the extinction cross-

section, Cext, of well-spaced spherical nanoparticles with a radius of R: 

 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝑁𝜀𝑚

3
2⁄

𝜆

𝜀𝑖

(𝜀𝑟 + 2𝜀𝑚)2 + 𝜀𝑖
2 

(2-8) 
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where εm is the dielectric constant of the surrounding medium, εr and εi are the real 

and imaginary part of the dielectric function of the nanoparticles, respectively, and N 

is the number of spheres per unit volume. 

Gans proposed that the surface plasmon mode of small metallic nanorods would 

divide into two modes because of their ellipsoidal shape and surface curvature, as 

predicted by the dipole approximation. To understand the optical characteristics of 

these rod-shaped particles, they have often been modelled as ellipsoids. 

Consequently, Gans' theory can be used to explain the optical behaviour of metallic 

nanorods. By employing Gans' formula, one can calculate the extinction cross-section 

for metallic nanorods [9,10]: 

 

𝐶𝑒𝑥𝑡 =
2𝜋𝑉𝑁𝜀𝑚

3
2⁄

3𝜆
∑

(1
𝑃𝑗
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(𝜀𝑟 + (
1 − 𝑃𝑗

𝑃𝑗
) 𝜀𝑚)2 + 𝜀𝑖

2
𝑗

 

(2-9) 

where V is the particle volume and Pj denotes the depolarization factor. The 

depolarization factor for elliptical particles may be described as following:   

 
𝑃𝑙𝑒𝑛𝑔𝑡ℎ =

1 − 𝑒2

𝑒2
[

1

2𝑒
𝑙𝑛 (

1 + 𝑒

1 − 𝑒
) − 1] 

(2-10) 

 
 

𝑃𝑤𝑖𝑑𝑡ℎ =
1 − 𝑃𝑙𝑒𝑛𝑔𝑡ℎ

2
 

(2-11) 

where e is the ellipticity, given by: 

 
𝑒2 = 1 − (

𝑙𝑒𝑛𝑔𝑡ℎ

𝑤𝑖𝑑𝑡ℎ
)

2

 
(2-12) 

Plasmonic nanoparticles for optical applications are commonly embedded in a 

polymer/glass host material, resulting in nanocomposites which allow development of 

useful devices [42]. The host (or matrix) material houses the nanoparticles preventing 

agglomeration. The optical and photonic applications include communications, Raman 

scattering, waveguides, and many more.  

Silver nanoparticles have been chosen over other noble metals due to its superior 

electrical and thermal conductive properties. It has the highest efficiency of plasmon 

excitation. “A single Ag nanoparticle interacts with light more efficiently than a particle 
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of the same dimension composed of any known organic or inorganic chromophore” 

[54]. Silver nanoparticles can capture increased amount of light (ten times their 

geometric cross-section). Also, silver is cheaper than gold. These properties of silver 

are the reason behind selection for this research project. 

2.3 Synthesis of silver nanoparticles 

2.3.1 Top-down & bottom-up methods 

As discussed above, different types of Ag nanoparticles (AgNPs) with unique 

properties have been utilised for different applications. Various shapes and sizes have 

been developed for such applications. Therefore, it is critical to control their physical, 

chemical, and optical properties in order to optimise their performance. The following 

are important points to be considered when synthesising AgNPs: surface property, 

distribution of size, shape, reaction rate, reduction, and capping chemical (for chemical 

methods). The main methods for preparing AgNPs are distinguished by top-down & 

bottom-up techniques. In the top-down method, bulk materials are disintegrated to 

nano-sized particles, whereas in the bottom-up approach nanoparticles are 

assembled from single atoms [55]. Top-down approach normally involves energy, 

lasers and thermal methods. Some of the examples include arc discharge, laser 

ablation, evaporation and sputtering. [56]. In the bottom-up approach, there are 

following categories: gas, liquid and solid phases, and biosynthetic methods. Some of 

the examples include chemical vapour deposition, sol-gel, metal salt reduction, and 

template synthesis. [56] 

The synthesis methods are categorised into physical, chemical, and biological 

approaches. The biological methods tend to be less labour intensive and offer high 

yield and stability compared to physical and chemical methods [57]. The following 

sections aim to explain the common methods used to synthesise silver nanoparticles, 

with a detailed review of chemical methods.  
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Figure 2.6. Various synthesis routes of silver nanoparticles. (A) Top-down and bottom-up 
methods. (B) Physical synthesis method. (C) Chemical synthesis method. (D) Plausible 

synthesis mechanisms of green chemistry. [58] 

2.3.2 Chemical methods 

Interest in metallic nanoparticles has grown hugely in recent decades, due to their 

unique properties that depend on size and shape [23]. It is no surprise then to see that 

there are numerous synthesis procedures to synthesise various shapes of 

nanoparticles including spheres, cubes, prisms, rods, wires and many more. 

Particularly, gold and silver nanorods are of great interest and thus different methods 

of synthesis to obtain gold and silver nanorods and nanorods have been reported. 

Concerning the fraction and aspect ratio of the nanorods, various synthesis 

parameters were analysed. A literature summary of synthesis processes for gold and 

silver nanorods and the influence of various synthesis parameters on the fraction and 

aspect ratio of gold and silver nanorods are given in the following section. 
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Chemical reduction is the most common method for AgNPs synthesis as its simple 

and doesn’t require complex equipment and can produce a high yield at a low cost. 

The method requires three main constituents: metal precursor, reducing agent and 

stabilising agent. The commonly used precursors to produce AgNPs are silver nitrate 

(AgNO3) [59], silver citrate (Ag3C6H5O7) [60] and silver acetate (AgC2H3O2) [61]. 

Reducing agents include sodium citrate (Na3C6H5O7), sodium borohydride (NaBH4), 

hydrogen (H) and many other copolymers. The reducing agents’ role is to reduce silver 

ions (Ag+) to metallic silver (Ag0). Next, these are agglomerated into oligomeric 

clusters, which begins the colloidal AgNPs formation. It is necessary to use stabilisers 

to protect the nanoparticles and avoid them becoming agglomerated. [62] 

Seed-mediated growth method  

Murphy and coworkers first reported the synthesis of gold and silver nanorods 

using the seed-mediated method (see Figure 2.7)  [63], [64]. First, small spherical 

seed particles were prepared in the presence of trisodium citrate by a reduction of 

sodium borohydride. These seeds were then added to a growth solution that 

contained hydrogen tetrachloroaurate (H[AuCl4]) and cetyltrimethylammonium 

bromide (CTAB) along with a weak reducing agent in ascorbic acid. This method 

produced nanorods with aspect ratios of 4.6±1. By employing a three-step seed 

technique, the aspect ratio was increased.  

One of the important factors crucial to nanorod synthesis is the time interval 

between transferring solutions and this influences the aspect ratio. Another 

important factor is the pH control as it can be used to increase the yield. Increasing 

the pH resulted in nanorods increased aspect ratio. Increased aspect ratio led to 

an increase in polydispersity. A slight increase in the aspect ratio of was also 

reported by adding heptane to the growth solution [65]. This was reported to be 

due to the ability of alkanes to solubilise CTAB in water in a way that is dependent 

on the chain length, hence alkanes affect the CTAB adsorption onto gold 

nanoparticles. The influence of pH on silver nanorods was also reported [64]. The 

reduction potential of ascorbic acid has been reported to change with the pH value, 

thus resulting in different shapes and sizes of nanoparticles. 



21 
 

 

Figure 2.7. Seed-mediated growth approach used by Murphy and co-workers to synthesise 
gold and silver nanorods. (bottom right) Transmission electron micrograph of gold nanorods 

that are an average of 500 nm long. [66]  

Many synthesis parameters, such as seed concentration, surfactants concentration, 

reaction temperature and size and nature of the seed particles, have also been reported 

to influence nanoparticle size and shape [37–40]. Murphy and coworkers reported the 

increase in the aspect ratio of gold nanorods with decreasing seed concentration [63]. The 

seed concentration was varied, and it was concluded that for the formation of rods, a lower 

amount of Au3+ ions per seed particle was available, leading to a reduced aspect ratio. In 

silver nanorod synthesis, the same effect was noticed [70]. For the growth of nanorods, 

the seed size and stabilising agent also have a great impact. Smaller seed particles 

apparently contribute to an increase in the fraction of gold nanorods and an increase in 

aspect ratio relative to larger seeds. 

In the development of seed particles, the size can be influenced by the age of the 

seeds, as well as by the stabilising agent used. It is possible to achieve the growth 

of smaller seeds by further applying the growth solution and the reduction agent. 

In addition, the surfactant used in the growth solution also has an important effect 

on the rods’ resulting aspect ratio. In the seed-mediated growth process, CTAB is 

an effective surfactant (see Figure 2.8 for its chemical structure). Neither a change 

in tail length nor varying the counter ion led to any change in the aspect ratio of 
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nanorods [68]. For different counter ions and shorter tail lengths, the cause was 

due to decreased adsorption of some crystal phases. In longer tail lengths, it was 

due to lower solubility. A certain amount of sodium bromide was applied to the 

solution to prove the first theory, and the concentrations of CTAB, 

cetyltrimethylammonium chloride (CTAC) and dodecyltrimethylammonium 

bromide (C12TAB) were varied. Accordingly, gold nanorods were produced in the 

first two instances, but rod formation was not observed in the latter. It was 

therefore believed that Br- ions adsorb on crystal faces, while the surfactant, due 

to the contribution of hydrocarbon interactions, helps stabilise the growing 

particles [71].  

 

Figure 2.8. Molecular structure of Hexadecyltrimethylammonium bromide (CTAB), a cationic 
surfactant used in nanorod synthesis. [72] 

Gold nanorods were also synthesised using binary surfactants, where 

benzyldimethylammonium chloride (BDAC) was applied to the solution, along with 

CTAB. This led to an increase in the aspect ratio, as compared to using CTAB 

only. The surfactant concentration was varied and found to affect the growth of 

the nanoparticle. An increased in the surfactant concentration led to enhanced 

aspect ratio [69]. The temperature also influenced the growth of gold and silver 

nanorods. Increasing temperature led to reduced aspect ratio, and increase in 

monodispersity [67]. Murphy and colleagues developed a new nanorod synthesis 

method based on the addition of silver nitrate [73]. The yield and aspect ratio of 

nanorods could be regulated with this technique by simply changing the concentration 

of seeds. They reported that Ag+ ions form AgBr and direct the growth of nanorods to 

adsorb on certain crystal faces. The yield of spherical particles, however, was between 

40-50% and the other major shape was bipyramids. 

Advantages and disadvantages of seed-mediated growth method of nanorods  

Advantages: 
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− Precise control over the size and shape of nanorods: Seed-mediated 

synthesis allows for the precise control over the size and shape of nanorods 

by varying the concentration of reactants, reaction time, and temperature. 

This results in a high degree of reproducibility and uniformity in the 

synthesised nanorods. 

− High aspect ratios: This method can produce high aspect ratio nanorods with 

lengths up to hundreds of nanometers, making them suitable for various 

applications such as in nanoelectronics, biomedical imaging, and catalysis. 

− Improved stability and homogeneity: The use of seed particles results in 

improved stability and homogeneity of the nanorod solution compared to other 

methods. Seed-mediated synthesis also enables the synthesis of 

monodisperse nanorods with uniform properties, which is essential for certain 

applications. 

 

Disadvantages: 

− Time-consuming: Seed-mediated synthesis can be a time-consuming 

process, as it requires the preparation of a seed solution before the growth of 

nanorods can be initiated. This can be a significant disadvantage for large-

scale production. 

− Sensitivity to reaction conditions: The formation of nanorods in this method is 

highly sensitive to reaction conditions such as temperature, concentration, 

and pH. Any deviation from the optimal conditions can lead to the formation of 

unwanted morphologies or low yield of nanorods. The stability and reactivity 

of seed particles can change over time, affecting their efficiency in 

nanoparticle synthesis. As seed particles age, their surface chemistry may 

alter due to oxidation or aggregation, leading to inconsistencies in nanorod 

formation. 

− High cost: The synthesis of seed particles can be expensive and time-

consuming. The use of specialised equipment such as ultrasonic probes and 

centrifuges may also add to the cost of the synthesis process. 

Polyol method  

A solution-phase approach, the so-called polyol synthesis, is the most studied 
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technique to synthesise silver nanorods [10–13]. A similar schematic process is 

shown in Figure 2.9. Silver nanorods were produced using this method by Jiu at 

al. [74]. First, AgNO3 was reduced by ethylene glycol (EG) at approximately 150 

°C to produce seed particles. Next, AgNO3 and poly (vinyl pyrrolidone) (PVP) 

solutions were added to the seed solution drop by drop. Here, EG acts as a solvent 

and reducing agent. PVP acts as the surface modifier and controls the growth rate 

of certain crystal faces. Other parameters, such as temperature, seed conditions 

and AgNO3 to PVP ratio were varied.  The aspect ratio of nanorods decreased 

when temperature was increased. When the temperature was less than 100 °C, 

there were only a handful nanorods. Increasing the seed concentration resulted in 

decreased nanorod diameter. The PVP to AgNO3 ratio greatly influences the size 

and shape of the nanoparticles [77]. When the PVP to AgNO3 ratio was increased, 

spherical nanoparticles were produced. This was due to the high presence of PVP 

on all seeds’ faces. A drop in the ratio of PVP to AgNO3 resulted in increased 

nanorod diameter. In addition, the nanorods had rougher surfaces. It was 

suggested that reduced PVP to AgNO3 ratio resulted in a reduction in coverage of 

all faces, including the side surfaces. Hence, the nanorods could then grow thicker 

due to this missing passivation of the side faces. Sun et al. concluded from their 

study that nanorods have a pentagonal cross section together with a penta-

twinned crystal structure [78]. 
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Figure 2.9. Schematic representation of the polyol synthesis of Ag nanowires [79] 

Nanorods, nanowires, and microrods differ primarily in size and aspect ratio. 

Nanorods have diameters of a few to tens of nanometers and lengths up to a few 

hundred nanometers. Nanowires are significantly longer, often extending to 

several micrometers, with a high aspect ratio (>100:1). Microrods are larger in both 

diameter and length, typically in the micrometer range. A study by Wiley et al. used 

a shape-controlled polyol synthesis method to produce various shapes including 

cubes, bipyramids and nanowires [80]. The addition of NaCl in the reaction 

solution produced nanocubes. When NaCl was replaced by NaBr, bipyramids 

were formed, and combining NaCl with Fe produced nanowires. Li et al. concluded 

from their study that a low concentration of NaBr produced nanocubes and higher 

concentration yielded nanorods [81]. For the synthesis of silver nanowires, the use 

of inorganic salts of iron, copper, zinc and sodium resulted in higher amount of 

nanorod production. It has been concluded that this effect is caused by the 

accumulation of Cl- ions.  

A seedless polyol synthesis of silver nanorods has been reported by Maiyalagan 

[82]. This technique doesn’t require pre-synthesised seed particles as these are 

formed at the beginning of the synthesis, and these grow to become nanorods. 

Chen et al. introduced a three-step polyol method to synthesise silver microrods 

[83]. In the first step, silver seed particles were produced, from which nanowires 
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were formed.  These silver nanowires were then further grown to microrods. The 

resultant length of microrods was same as nanowires. The aspect ratio between 

the two was ten times different. The cross section was different for both, with the 

nanowires being pentagonal and microrods polygonal. This was due to the 

adsorption of new particles on the (1 0 0) side surface than the (1 1 1) end surface.  

Electrochemical method 

For this procedure, two electrodes are immersed in the electrochemical cell in an 

electrolytic solution to synthesise gold and silver nanorods [84]. A cationic 

surfactant and a structure-directing cosurfactant comprise the electrolytic solution. 

As a cationic surfactant, Hexadecyltrimethylammonium bromide (CTAB) is 

frequently used, acting as a supporting electrolyte and stabilizing the particles. 

Tetradodecylammonium bromide (TC12AB), a stronger hydrophobic cationic 

surfactant, is used as the rod-structure-directing cosurfactant. The experiment 

involves an anode, which is a gold metal plate, and a cathode, which is a platinum 

plate (as shown in Figure 2.10). Experiments are carried out in an ultrasonic bath 

at high temperatures. Small quantities of acetone and cyclohexane are added into 

the cell before electrolysis. Acetone loosens the micellar framework allowing 

TC12AB into the CTAB micelles, and cyclohexane allows for enhanced formation 

of rod-like CTAB micelles [85]. Electrolysis current is regulated between 3 and 5 

mA and varying electrolysis time is used in the process. The resulted gold 

nanorods have a wide distribution of aspect ratios [84]. Silver plates can be 

incorporated in the electrolytic solution to improve the nanorods’ aspect ratio. The 

concentration and rate of release of silver ions is a major factor in controlling the 

aspect ratio of nanorods. Varying the silver plates in the electrolyte solution can 

allow the control of these parameters [86].  
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Figure 2.10. Electrochemical growth of gold nanorods [87] 

Silver nanorods have also been prepared inside a two-electrode style cell [88]. A 

platinum sheet is used as the cathode, and the anode is a platinum wire. The 

electrolyte is made up of polyethylene glycol (PEG) and silver nitrate (AgNO3). 

The nanorod formation is influenced by both of their concentrations. Rods are 

formed when PEG concentration is between 0.5-2 %, and higher concentration 

increased the viscosity thus producing no rods. It is suggested that PEG behaves 

as a stabiliser that can facilitate the formation of silver nanorods. The AgNO3 

concentration also needs to be in a certain range in order to produce silver 

nanorods [88]. 

Photochemical methods 

For this procedure, an aqueous solution containing a surfactant and hydrogen 

tetrachloroaurate (HAuCl4) was irradiated with UV light (wavelength 254 nm) to 

form gold nanorods [89]. The time of irradiation as well as the concentration of 

HAuCl4 influenced the aspect ratios of the gold nanorods obtained. By adding 

silver nitrate to the solution, the amount of gold nanorods could be increased [90]. 

Silver nanorods have also been synthesised using the same procedure, and silver 

nitrate was used as the precursor [91]. Silver nitrate and surfactant (poly (vinyl 

alcohol) (PVA)) concentrations were varied and have been shown to affect the 

size and shape of resulting nanoparticle. Increasing AgNO3 concentration led to 

an increase in the length and width of nanorods, when the PVA concentration was 

constant. When concentration of AgNO3 increased further, it resulted in the 

formation of dendrites, this is explained due to the presence of excess silver in the 
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solution. This can support the aggregation and therefore result in development of 

dendrite shapes. Different PVA concentrations were used, whilst AgNO3 

concentration was kept constant. PVA concentration was found to control the size 

of the nanoparticles. Low concentrations produced irregular shapes.  It was 

concluded that PVA acts like a surface modifier, and increasing its concentration 

leads to formation of different shaped nanoparticles [91].  

Zhang et al. produced silver nanorods of different aspect ratios using 

photoinduced synthesis by varying the wavelength between 600 and 750 nm [92]. 

This approach is based on seed-mediated synthesis, where the seed particles are 

grown in a growth solution consisting of AgNO3 and trisodium citrate (TSC). 

Nanorods with pentagonal cross sections, as well as uniform diameters and 

lengths, were produced from this method. These were penta-twinned along the 

longitudinal axis. Increasing the radiation wavelength resulted in increased 

nanorod length, and decreased width. The explanation for this was that reduction 

rate of Ag+ depends on the wavelength. This was explained by a wavelength-

dependent reduction rate of Ag+, which at lower energy excitation wavelengths is 

slower and more kinetically regulated. Nanorods with higher aspect ratio were 

produced due to preferred reduction on the tips compared to the particle sides. 

[92] 

Microwave method  

Gold nanorods were synthesised using a closed chamber microwave method [93]. 

HAuCl4, trisodium citrate (TSC), acetone and tetradecylammonium bromide 

(TOAB) were rapidly heated in a microwave. An optical fiber was used to monitor 

and regulate the temperature. The study analysed the effect of TOAB 

concentration, and the reaction temperature rise rate, as both parameters play a 

major role in nanorod synthesis. Increasing TOAB concentration and reaction 

temperature rise rate resulted in increased aspect ratio of nanorods. Only 

spherical gold nanoparticles were produced without TOAB, while a concentration 

of 4.0 mM resulted in a significant amount of nanorods. Nanorods with aspect ratio 

of 25 and greater were formed when the reaction temperature rise rate was 

increased. The authors reported two possible explanations for this increase in 

aspect ratio: first explanation is that as the temperature rise rate is increased, 
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different micelles are formed. Secondly, it relates to formation of metal 

nanoparticles. Two phases are involved here, in the nucleation and the seed 

growth. Both phases are competing, and the nucleation of particles is highly 

temperature sensitive. A temperature increase could therefore lead to a change in 

the dimensions of the particles. 

Tsuji et al. used a microwave-polyol method to synthesise silver nanofilms, 

nanorods and nanowires [94]. The reaction was carried out in a microwave oven 

containing a condenser, a thermocouple, and a Teflon coated magnetic stirrer 

(shown in Figure 2.11). A glass flask containing H2PtCl6·6H2O solution, EG, AgNO3 

and PVP was placed in the oven. First, platinum seed particles are formed, which 

are then grown into silver nanorods. The group also studied the effects of various 

parameters such as concentration of different chemicals, heating time and 

microwave power. Also, the influence of seed particles and Cl- ions on nanorod 

formation was analysed. It was understood that Pt seeds have no effect on the 

nucleation and nanorod formation. Rather, it’s the Cl ions that are responsible for 

nanorod formation [95].  

 

Figure 2.11. Apparatus used for the microwave-assisted synthesis of metallic nanostructures 

[94] 

Gou et al. synthesised silver nanowires with using a microwave-assisted polyol 

synthesis [96]. Their approach varied the amount of NaCl to the solution, without 

using seed particles. Synthesis was performed at 300 W. At low NaCl to AgNO3 

ratio, only nanospheres and nanocubes were formed. Varying the heating power 

and heating time did not have any effect. The formation of nanowires began when 

the ratio of NaCl to AgNO3 was increased.  
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Template method 

The template method for gold nanorod synthesis was introduced by Martin and 

colleagues [97]. A schematic of template-based synthesis is shown in Figure 2.12. 

They used electrochemically prepared alumina template membranes in their 

studies. These membranes contained cylindrical pores through which gold was 

deposited using an electrochemical deposition method. The resultant Au/Al 

composites were optically transparent in the near-infrared and in the visible region. 

In addition, the composite colour can be reproducibly changed by varying the size 

and shape of the particles.  

 

Figure 2.12. Porous membrane-templated synthesis of gold nanorods. (a) schematic of gold 
deposition, template membrane formation and nanorod (b) SEM image of porous alumina 

membrane. (c) SEM image of free-standing array of gold nanorods [98] 

Van der Zande et al. synthesised gold particles by using electrodeposition of gold 

in nano-porous aluminium oxide [99]. Prior to depositing gold into the membrane 

pores, low amounts of copper were deposited. The copper can dissolve the 

membrane, allowing for release of nanorods from the support. Once the nanorods 

were released, they were dispersed in water and stabilised using PVP.  The length 

of the resulting nanorods is determined by the amount of gold deposited into the 

pores. It is possible to control the diameter of the nanorods through the template’s 

pore diameter [100].  

Colloidal gold and silver nanorods were prepared electrochemically [101]. A 
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polycarbonate membrane filter was used as a template with one side covered with 

a thin film of silver. The membranes were dissolved after nanorod deposition. The 

nanorods were subsequently dispersed in an organic solvent. Ordered silver 

nanowire arrays were prepared by pulsed electrodeposition in porous alumina 

[102]. The templates were prepared through a two-step anodisation process. 

Applying a pulsed electrodeposition helped to overcome pore filling issues. Since 

there was no uniform barrier at bottom, pores didn’t fill completely due to 

instabilities. Negative pulses were therefore used for pore-specific deposition of 

metal ions. Using low current, pores with a thicker barrier layer were then filled. 

The barrier layer capacitance was discharged by using positive pulse to allow for 

monocrystalline development. 

An ethanol-thermal technique was used by Li et al. to synthesise uniform Ag 

nanorods [103]. Ethanol was employed as a solvent and reducer. An alumina 

membrane with different diameters was used as the template. Pore diameters 

were used to control the rod aspect ratio. Using capillary forces, the solution was 

distributed in the pores. AgNO3 was reduced by ethanol during heating. Silver 

particles were deposited on the surface of the pores as they had active sites for 

nucleation and crystal growth. The reaction went further so long as there was 

enough reactant supply. This led to build up of particle clusters and thermal 

annealing was required was nanorod formation.   

Hydrothermal method 

There have been various studies of hydrothermal methods to synthesise silver 

nanorods and nanowires. Through a two-step heating procedure, silver nanorods 

were have been synthesised [104]. After dissolving all the compounds, the solution 

was first heated to 40°C for one hour, and then to 80 ° C for another 4 hours. This 

method produced nanorods with lengths of between 150 and 400 nm and a width 

of 30 nm. Zhou et al. reported a single-step heating procedure [105]. First, AgNO3 

and sodium dodecylbenzene sulfonic acid were dissolved in water using a three-

necked flask. Next, ascorbic acid or trisodium citrate were added drop by drop. 

Finally, the solution was kept at 100°C for 60 min and 30 min to produce nanorods.  

A surfactant-less and seedless nanorod synthesis was carried out by Murphy and 



32 
 

coworkers, using two separate silver solutions that were boiled for 60 minutes 

[106]. The two solutions contained varying fractions of water, AgNO3 and NaOH.  

The volume was reduced to 75 mL and doubled by adding water. An autoclave for 

nanowires synthesis has been reported.  A stainless-steel Teflon-lined autoclave 

was used to mix chemicals and heated in a surface. The reduction of silver 

chloride by glucose in a surfactant-less synthesis was reported by Wang et al 

[107]. They suggested that dissociated Ag+ ions are reduced by glucose to from 

silver nuclei for further grew. Due to the low solubility of silver chloride in water, silver 

chloride reduction and the generation of silver nuclei was very slow, leading to a low 

concentration of free Ag+ ions. Therefore, the nanowire growth was ideal for anisotropic 

growth.  

A low temperature silver nanowire synthesis was achieved by Xu et al. using a gemini 

surfactant and methenamine reducing agent [108]. The AgBr formation was suggested 

to be obtained from a reaction between AgNO3 and the gemini surfactant. A balance 

between AgBr and silver ions was established with the release of the reducing agent at 

the reaction temperature, which contributed to the production of silver nuclei. Due to the 

low solubility of AgBr in water and the presence of a surfactant, the formation of silver 

nanowires favoring anisotropic growth was slow. 

Advantages and disadvantages of chemical synthesis of nanorods 

Advantages: 

− Precise manipulation of size and shape: Chemical synthesis enables accurate 

manipulation of the size and shape of nanorods, allowing for optimal 

customisation of their properties and uses. 

− Attainment of high purity: Chemical synthesis facilitates the production of 

nanorods with high levels of purity, which holds significant importance in various 

fields, including medicine. 

− Ease of scaling up: Chemical synthesis offers a scalable approach, simplifying 

the production of substantial quantities of nanorods with relative ease. 

− Adaptability: Chemical synthesis possesses versatility, as it can be employed to 

generate diverse materials and can be tailored to meet specific application 

requirements. 
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Disadvantages: 

− Challenging nature: The production of nanorods involves intricate procedures, 

necessitating specialised equipment and knowledge. 

− Hazard potential: The utilisation of certain chemicals in the synthesis procedure 

can pose risks to both workers and the environment, necessitating safety 

precautions. The evaporation-condensation method poses several hazards, 

including high-temperature risks that can lead to burns or equipment failure, as 

well as inhalation of airborne nanoparticles, which may cause respiratory issues. 

Toxic gas emissions from precursor materials necessitate proper ventilation, 

while highly reactive substances increase the risk of uncontrolled reactions or 

explosions. Additionally, the method's high energy consumption contributes to 

environmental concerns, making it less sustainable. 

− Financial considerations: Chemical synthesis can incur substantial costs, 

especially when aiming to produce nanorods of superior quality. 

− Consistency concerns: Achieving consistent results through chemical synthesis 

can be problematic, especially during the scaling-up process. Minor deviations 

in the synthesis procedure can lead to noticeable variations in the properties of 

the produced nanorods. For example, Murphy et al. found that changes in seed 

concentration affected nanorod aspect ratio, with lower seed concentrations 

leading to longer nanorods [73]. 

2.3.3 Physical methods 

There are various methods of synthesising Ag nanoparticles using biological, 

chemical, and physical methods. Scheibel and Porstendorfer developed an 

evaporation-condensation method to synthesise silver nanoparticles [109]. In this 

method, a small amount of bulk material is placed on crucibles which are placed on a 

boat inside the furnace.  The material is vaporised at elevated temperatures and a gas 

carries the vapour out of the furnace. Typically, an inert gas such as Nitrogen is used. 

The rapid decrease in temperature condenses the vapour, leading nanoparticles to 

form. Despite being a simple method, the evaporation-condensation synthesis 

requires a lot of energy and is time-consuming. It is useful when synthesising large 

amounts of nanoparticles. The method is also useful for long term synthesis [110]. The 
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evaporation/condensation method has been used to synthesise nanoparticles from 

materials including, silver, gold, and fullerene [111], [112].  

Laser ablation is another type of physical method for AgNP synthesis. In this method, 

a bulk material plate is dipped in liquid solution and ablated. This generates a plume 

of plasma which is used to synthesise nanoparticles. Compared to reduction methods 

using chemicals, laser ablation is a reliable method. It is also a more environmentally 

friendly method. Laser ablation for the synthesis of Ag NPs has been used in 

numerous studies and some of earliest ones were conducted during 1990s [113], 

[114], [115]. The ablation efficiency and nanoparticle properties are dependent on the 

laser type used [116], [117]. The main advantage of using this method is it requires no 

chemical agents. Studies show that femtosecond laser pulses produce efficient 

nanoparticles then nanosecond laser pulses [118], [119]. According to Hamad [118], 

femtosecond lasers are superior to the nanosecond laser for precision material 

processing. Femtosecond lasers are more effective to produce nanoparticles than 

those with longer pulse durations.         

Below is a table showing some of recent studies on silver nanoparticle synthesis using 

physical methods. The advantage of the method and the applications are also listed. 

There are numerous studies on the synthesis of silver nanoparticles using various 

physical methods. Of the physical synthesis methods not discussed in detailed, others 

include physical vapour deposition, and arc discharge.  

Table 2-1 Some of the physical methods of AgNPs synthesis, along with their advantage and 

applications 

Method overview Advantage Application Reference 

ZnO/Ag nanoparticle 

was synthesis by 

using pulsed laser 

ablation in liquid 

Allows synthesis 

without metal 

precursors and 

reductant or 

capping agents 

Increase the 

catalytic activity in 

ZnO 

nanostructures 

[120] 

Synthesis of Au-Ag 

core shell and 

nanoalloy using 

femtosecond laser 

ablation 

Offers very high 

peak laser intensity 

at lower pulse 

energy. 

Surface 

enhanced Raman 

scattering 

[121] 

Ag@SiO2-Penicillin 

synthesised 

electromagnetic 

levitation gas 

Avoids toxicity 

related to impurities 

from nanoparticle 

preparations. A 

Enhance the 

bactericidal 

efficacy and 

safety of 

[122] 
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condensation (ELGC) 

method 

Ag NPs against 

antimicrobial 

resistant 

organisms 

Polyindole stabilized 

silver‒cobalt oxide 

(Pind/Ag‒Co3O4) 

nanocomposites 

were synthesised by 

reflux condensation 

method 

Reflux 

condensation 

prevents the solvent 

from boiling away. 

Pigments, gas 

sensor, lithium ion 

batteries, 

electrochemical 

devices, carrier 

for the antibiotic 

delivery 

[123] 

Silver/polymer 

composite (Ag/PVA) 

films were irradiated 

with gamma (γ) 

radiation 

The γ doses boost 

the electrical 

conductivity and 

change its 

conduction 

behaviour 

Organic 

electronics and 

electrical devices 

[124] 

Ag-doped ZnO thin 

films were deposited 

by pulsed laser 

deposition and 

subsequently laser 

annealed 

Allows rapid effect 

of the surface areas 

materials allowing 

local diffusion of 

species, surface 

melting, ultra-rapid 

crystallisation 

Solar energy in 

photovoltaic 

devices, as well 

as in 

photodetectors 

and photo- 

catalysis 

[125] 

Laser ablation 

deposition was used 

to synthesise silver–

nickel bimetallic 

nanoparticles 

Suitable for 

producing 

multicomponent 

thin films has 

relatively low 

substrate 

temperature and 

high deposition 

rates 

Catalysts, 

electrical 

contacts, 

switches, and 

conductor 

material plating 

 

[126] 

 
 

Advantages and disadvantages of physical synthesis of nanorods  

Advantages of physical synthesis of nanorods: 

− Manipulation of size and shape: Physical synthesis techniques like vapour 

deposition and sputtering offer effective control over the dimensions and 

morphology of nanorods. 

− Attainment of high purity: Physical synthesis methods enable the production 

of nanorods with exceptional levels of purity, a critical factor in various fields, 

including electronics. 

− Consistency in characteristics: Physical synthesis methods generate 

nanorods with remarkable uniformity in size and shape, a crucial aspect for 

numerous applications. 
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Disadvantages of physical synthesis of nanorods: 

− Equipment prerequisites: The utilisation of physical synthesis methods 

necessitates specialised and potentially costly equipment, posing challenges 

in terms of acquisition and operation, especially when scaling up. 

− Material constraints: Physical synthesis methods generally have limitations 

regarding the range of materials that can be effectively deposited using the 

chosen technique. 

− Intricacy: Physical synthesis methods can be intricate and demand proficient 

operators with the necessary expertise. 

− Consistency concerns: The reproducibility of results may pose challenges in 

physical synthesis, especially during the scale-up process. Minor deviations in 

the synthesis procedure can lead to notable variations in the properties of the 

resulting nanorods. 

2.3.4 Biological methods 

As the understanding of nanoparticles properties and synthesis methods improved, 

new synthesis methods have been developed. These methods are based on using 

natural agents to produce nanoparticles. Namely, bacteria, fungi, plant extracts and 

other ‘green’ synthesis methods have received attention. These methods are useful 

for small batch synthesis and are ways to reduce harm to the environment. Commonly 

silver nitrate is reduced using biological sources.  

 

 

Figure 2.13. List of various bacteria, fungi, plants and algae used to synthesise AgNPs [127] 
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Microorganisms 

In the bacterial synthesis, bacteria are used to synthesise nanoparticles, hence they 

are known as bio-factories. Specifically, these methods are used mostly for silver due 

to the biological properties it possesses. It is possible to synthesise nanoparticles with 

various shapes and sizes. Examples of bacteria used to synthesise silver 

nanoparticles include Lactobacillusfermentum [128], Bacillus flexus [129], Escherichia 

coli [130], Streptomyces hygroscopicus [131], and many more. These nanoparticles 

are affected by the pH, temperature, and silver nitrate concentration. 

Numerous studies have shown that fungi can be used to produce nanoparticles. They 

can secrete nanoparticles as products using the metal ions and offer high yield and 

stability. The mechanism involved is that an metal ion is trapped by the fungal cell and 

reduction enzymes break it down [132].       

Plants 

Nanoparticles have been synthesised using plant extracts. It is economic and can be 

used to synthesis large scale production [133]. Tea extracts such as Camellia sinensis 

(green tea) and black tea have were used to produce silver nanoparticles [134], [135]. 

They produced stable nanoparticles with different shapes such as spheres, trapezoids, 

prisms, and rods. Polyphenols and flavonoids seemed to be responsible for the 

biosynthesis of these NPs. 

There are lots of methods to produce nanoparticles. In this section, only a summary 

of some methods was discussed. Some other methods of nanoparticle synthesis 

include photosynthesis (using light), electrochemical, microwave, irradiation, etc.  

Advantages and disadvantages of biological synthesis methods  

Advantages of biological synthesis of nanorods: 

− Sustainable approach: Biological synthesis methods employ natural materials 

and processes, offering an environmentally friendly alternative to chemical or 

physical methods. 

− Economically viable: Biological synthesis methods prove to be cost-effective 

by utilising inexpensive materials and often eliminating the need for 

specialised equipment. 
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− Enhanced biocompatibility: Biological synthesis methods yield biocompatible 

nanorods, rendering them suitable for various medical applications. 

− Ease and scalability: Biological synthesis methods are characterised by 

simplicity and scalability, facilitating large-scale production. 

 

Disadvantages of biological synthesis of nanorods: 

− Material constraints: Biological synthesis methods are commonly restricted to 

specific materials that can be synthesised through biological processes. 

− Reduced precision in size and shape control: Biological synthesis methods 

generally yield nanorods with less meticulous control over their size and 

shape compared to chemical or physical methods. 

− Consistency concerns: Reproducibility may pose challenges in biological 

synthesis methods, as the involved biological processes can be influenced by 

various factors, resulting in variations in the properties of the produced 

nanorods. 

− Slower production: Biological synthesis methods can be time-consuming due 

to their reliance on biological processes, which inherently require a certain 

duration to complete. 

 

2.3.5 Continuous flow synthesis of silver nanoparticles 

Due to the rising popularity of nanotechnology, there is an increasing demand for 

inorganic nanoparticles such as metal oxides, metals, semiconductors, and other more 

complicated structures [136]. In the past, batch processes were employed in 

manufacturing nanoparticles. Although various techniques for nanomaterial synthesis 

have been described in numerous literature resources, large-scale production of 

nanomaterials remains limited. This gap arises from ineffective and costly production 

procedures. The flow processes might be a solution to address the limitations 

associated with the application of periodic processes. Advantages of using flow 

processes include enhanced operational efficiency of a plant that could be well-

matched with increasing requests on nanomaterials and preservation of highly pure 

products possessing precisely determined physical and chemical properties. 

Certainly, in applications requiring accurate mixing, rapid heat transfer and fast 
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reactions as opposed to batch processing, the execution of reactions in intensified 

continuous flow reactors is highly advantageous [137]. In the use of continuous flow 

processes, processing benefits include waste minimisation by efficient use of 

reagents, improved handling of dangerous chemicals and improved yields of 

reactions. Reactants may be easily cooled or heated during the reaction phase due to 

the high surface-to-volume ratio in flow reactors [138]. In addition to the numerous 

advantages of heat transfer, kinetics and mixing, continuous flow synthesis allows 

spectroscopic techniques to characterise the product stream in-line without flow 

disturbance, thus enabling the monitoring, feedback and creation of self-optimisation 

techniques in real time [139]. From discovery to production of high yield reactions 

including pharmaceuticals, nanostructures and advanced organic materials, 

intensified reactors have found an ever growing number of applications in synthetic 

chemistry [140]. 

The main challenge in the synthesis of inorganic nanoparticles is to develop consistent 

processes and materials that produce particles with exact structural characteristics, 

such as size, shape, and distribution [141]. The synthesis method also needs to be 

commercially feasible. Even though they make up a small portion of a product, 

nanoparticles have a big impact on its cost and functional qualities later on [142]. 

Therefore, it is crucial to maintain high-quality nanoparticles regardless of changes in 

production volume. The physical and chemical characteristics of nanoparticles can be 

influenced by a number of variables related to the kinetics of the reaction and process. 

2.3.5.1 Why continuous flow synthesis? 

The synthesis of silver nanorods (AgNRs) has traditionally relied on batch methods, 

particularly seed-mediated growth protocols, due to their simplicity and high control 

over particle morphology. However, these batch processes suffer from critical 

limitations when scaling, including poor reproducibility, inefficient mixing, thermal 

gradients, and batch-to-batch variation [143]. These constraints present significant 

barriers for industrial applications where large quantities of uniform, shape-controlled 

nanostructures are required. 

As an alternative, continuous flow synthesis—particularly in milli- or microfluidic 

systems—offers enhanced control over reaction conditions and scalability. In 

continuous flow reactors, parameters such as residence time, mixing efficiency, 



40 
 

reagent delivery, and heat transfer can be precisely tuned, allowing more reproducible 

control of nanoparticle nucleation and growth dynamics [144]. Additionally, flow 

systems offer a higher surface-area-to-volume ratio, facilitating rapid mixing and better 

control over reduction kinetics, which are especially important in the anisotropic growth 

of AgNRs. 

Continuous flow methods also offer faster mixing of reagents, which reduces the 

likelihood of aggregation or formation of undesired by-products. Additionally, this 

method enables inline monitoring through techniques such as UV-Vis spectroscopy 

and dynamic light scattering, allowing real-time optimisation of synthesis parameters 

and immediate adjustments to reaction conditions [145]. These advantages make 

continuous flow synthesis particularly effective for the large-scale production of silver 

nanorods. 

However, there are challenges associated with continuous flow synthesis, particularly 

when scaling up from laboratory to industrial levels. Maintaining precise control over 

flow rates, temperature, and mixing efficiency becomes more complex as system size 

increases [146]. Achieving consistent nucleation and growth for uniform particle size 

and shape remains a critical issue, as even small variations in reaction conditions can 

affect the final product [146]. Additionally, reactor design and material compatibility 

must be carefully considered, as the reagents used in nanoparticle synthesis may 

degrade or corrode certain reactor materials over time . Despite these challenges, the 

opportunities presented by continuous flow synthesis, such as real-time optimisation, 

high throughput, and improved nanoparticle quality, make it a compelling method for 

the large-scale production of silver nanorods. 

2.3.5.2 Continuous flow synthesis using microfluidic and milli-fluidic devices 

In recent years, the synthesis of mono-dispersed colloidal nanoparticles has become 

a significant research topic, as colloidal particles show specific optical, electronic and 

magnetic properties, making them ideal candidates for engineering applications. As 

discussed in the literature, colloidal nanoparticles find applications in different areas. 

The properties and thus applications of these nanoparticles rely on the nanoparticles' 

form, size and distribution [147]. Therefore, the synthesis of nanoparticles by micro-

fluidic devices has gained considerable interest in recent years. In addition, batch 

synthesis requires the growth of atom-by-atom particles using the mechanism of 
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precipitation. Hence particle size and particle size distributions are typically large in 

case of batch synthesis. It is also necessary to note that downstream processing is 

required in such a batch process to extract the desired particle size. Due to improved 

mixing and mass transfer in microfluidic systems, the particle size obtained in 

microreactors has a smaller and narrower particle size distribution than the batch 

phase.  

Microreactor systems provide higher surface to volume ratio compared to the batch 

reactors thus the removal of heat is effectively carried out for exothermic reactions. In 

addition to the synthesis of inorganic, organic and biological materials, microfluidics 

has been utilised in synthesis of polymeric nanoparticles and hybrid materials. 

Reaction takes place in small reaction volumes in microreactor systems, so there is 

less heat and mass transfer resistance that assists in the safe handling of exothermic 

reactions. Rapid reactant mixing and reagent concentration control can generate 

precise conditions that are needed for nanoparticle synthesis. The mixing of reactants 

in the microreactor takes place very quickly and reagent concentration control can 

create precise conditions that are needed for the synthesis of nanoparticles. 

Microreactor technology also synthesises hybrid nanoparticles, and at the fluid-fluid 

interfaces in microreactors, particle size can be manipulated [148]. 

Gold/silver metal nanorods have been synthesised in a flow reactor by Boleininger et 

al. using ascorbic acid, CTAB solution and au/ag precursors [149]. CTAB acts as a 

template, forming micelles for anisotropic growth of particles. The study found that 

original particles act as seeds in the process of batch synthesis, which increases the 

overall particle size. Although the seeding of particles is prevented in microreactor 

synthesis by maintaining short residence times in the microreactor. Lin et al. utilised a 

flow reactor to synthesise mono dispersed silver nanoparticles using single precursor 

pentafluoropropionate [150]. The effects of temperature, flow rates and reaction time 

were studied and the use of a single precursor for the preparation of monodisperse 

silver nanoparticles was reported. Reports on the synthesis of gold and silver metals 

and metal oxides and other nanoparticles using microreactor technology are published 

in numbers [151], [152], [153]. 

Synthesis of gold and silver nanoparticles in a polydimethylsiloxane (PDMS) 

microreactor by reducing reactions between metal salt solutions and borohydride with 
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tri-sodium citrate as the capping agent was performed by Singh et al [154]. Gold 

nanoparticles were synthesised by Wagner and Köhler through a microreactor citrate 

reduction reaction, using  polyvinyl pyrrolidone as stabiliser [153]. The study found that 

the mean particle size increases with a decreasing flow rate, and also observed that 

particle growth is observed if the concentration of gold ions is equal to the 

concentration of seeds. In another article, Wagner et al. synthesised spherical AuNPs 

ranging in size from 5 to 50 nm using gold precursor and ascorbic acid at different flow 

rates [152]. They reported that compared to batch synthesis, a reduction in small size 

is achieved by doubling the flow rate. By responding to barium chloride and sodium 

sulphate solutions by precipitation reaction, Jeevarathinam et al. synthesised the 

barium sulphate nanoparticles [155]. They found that in such precipitation reactions 

carried out in a microreactor, mixing is a very critical parameter. Due to local mixing, 

the particle size is found to be decreased, giving higher local nucleation results in a 

reduction in the distribution of particle size. They have also observed that the particle 

size is found to be decreased by decreasing the flow rate of barium chloride. 

2.3.5.3 Process parameters in continuous flow synthesis 

Using exact control techniques is crucial for producing high-quality nanoparticles. The 

size, shape, and chemical characteristics of the nanoparticles as well as the 

effectiveness of the process can be affected by a number of variables, including 

residence time in the reactor, reactant flow rates, temperature, energy transfer 

technique, and reactor specifications [156], [157]. The ultimate properties of the 

nanomaterials can be altered by varying certain factors. 

A chemical reaction's result in flow synthesis is greatly influenced by a number of 

important parameters [158], [159], [160]. Precise control of these variables is essential 

to getting the desired nanoparticles. The rate at which reactants pass through the flow 

reactor is one of these parameters [153]. The residence time of the reactants in the 

reactor and the size of the reaction are both impacted by this rate [161]. 

The concentration of reactants in the reaction mixture is another important 

consideration. The rate of reaction and the desired products' selectivity are directly 

impacted by this concentration. In addition, temperature is important because it 

influences the thermodynamics and kinetics of the reaction, which basically 

determines the direction and pace of the process. 
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Another important factor that affects the reaction's kinetics and thermodynamics as 

well as the solubility of the reactants and products is pressure. Additionally, the flow 

reactor's mixing efficiency is critical since it influences the reaction rate as well as the 

reactor's selectivity for particular products. 

Since catalysts can significantly boost both the reaction rate and the selectivity 

towards desired products, their usage in the reaction mixture is essential. Moreover, 

the kinetics of the reaction and mixing can be greatly influenced by the injection 

procedures, which dictate how reactants are supplied into the flow reactor. Lastly, the 

kinetics and mixing of the reaction are affected by the physical parameters of the flow, 

such as its direction and velocity. 

2.3.6 Summary 

A number of synthesis methods for anisotropic nanoparticles have been discussed 

above, and each has its advantages and disadvantages. Generally, chemical 

synthesis methods are relative easier and allow better control of synthesis (in terms of 

nanoparticle morphology) compared to physical and biological methods. For the 

physical methods, the processes are energy-intensive and are expensive as they 

require more complex equipment. For the biological methods, it is quite difficult to 

control the process parameters such as pH, temperature, moisture, and result in high 

impurity. Even some chemical methods such as electrochemical and photochemical 

methods require special apparatus to carry out synthesis. The synthesis is fairly 

challenging in the aforementioned methods. Of all the methods, the seed-mediated 

synthesis is much easier as it can be carried out in a single reactor. This method allows 

precise control over nanoparticle dimensions, operational simplicity, and scalability. 

Unlike other synthesis methods, such as template-assisted or polyol-based 

approaches, seed-mediated synthesis enables fine-tuning of nanorod aspect ratios by 

adjusting seed concentration and growth conditions, ensuring reproducible and 

monodisperse anisotropic nanoparticles [162]. Additionally, this method operates at 

room temperature without the need for specialised equipment, making it cost-effective. 

The use of surfactants, such as cetyltrimethylammonium bromide (CTAB), further 

enhances the process by stabilising specific crystal facets, directing controlled 

anisotropic growth, and preventing aggregation [162].  
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Besides, this method requires no templates (which are expensive and complicated to 

fabricate) nor needs specialised laboratory equipment. Hence, it seems a prime 

candidate to explore for nanoparticle synthesis in this project. Although, studies using 

this method have been reported [64], [69], [70], none have targeted absorbance in the 

NIR regions, and there are problems with reproducibility. There are still unanswered 

questions for this method. For example, the influence of parameters on the 

morphology and absorbance has not been studied in detailed. Therefore, it is 

important to explore this method by systematically studying the effect of each 

parameter in the seed phase and growth phase to optimise the synthesis. This will 

allow an improved understanding of nanoparticle growth. By building on the 

information gained about the nanoparticle growth, the enhancement in the absorbance 

by controlling the growth would be feasible. Optimal parameters can then be selected 

for synthesis of nanoparticles that would result in absorption of higher wavelengths. 

This method also has the potential for scaling up the synthesis which will lead to higher 

fraction.        

 

2.4 Applications 

Anisotropic nanomaterials have been used for different applications due to size and 

shape-dependent physical and chemical properties. Below are a few of the key 

applications of various kinds of nanostructures. Where applicable, references to 

detailed reviews have been specified in the appropriate sections. 

2.4.1 Antibacterial applications 

Throughout the recent decades, the antibacterial properties of Ag nanoparticles have 

been growing and more and more antibacterial applications have been reported [163], 

[164]. Helmlinger and colleagues studied AgNPs in different shapes [165]. By 

observing the differences in the cytotoxicity and antibacterial effects of silver 

nanoparticles with different shapes, it can be established that silver nanoparticles have 

the same cytotoxicity, but they have different antibacterial effects. In the meantime, 

larger particles with a greater surface area are more toxic to bacteria than smaller 

particles. The rate of dissolution of particles with a large surface area is greater than 

the rate of dissolution of particles with a small surface area. The difference in the rate 

at which silver dissolves enables the synthesis of silver nanoparticles that are more 
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effective at killing bacteria but less cytotoxic to cells. However, their research did not 

examine the antibacterial effect of various sizes of AgNPs. 

The function of silver nanoparticles was studied by Agnihotri et al [166]. It was reported 

that 5 nm particles had the highest antibiotic activity. It was discovered that smaller 

particles exhibited better antibacterial properties, as compared to larger particles. 

Figure 2.14 illustrates the antibacterial properties of silver nanoparticles of different 

sizes. 

 

Figure 2.14. Different-sized silver nanoparticles tested in diffusion disks against E. coli 

MTCC 443 strain [166]. 

Silver results in enhanced antimicrobial properties when combined with other 

products. Research on combining various materials including SiO2@Ag [167], Poly-L-

lactic acid (PLLA) microcapsules combined with silver nanoparticles [168], Ag-

decorated polymeric micelles with curcumin, graphene quantum dot/silver 

nanoparticle [169] and so on. 

The above-mentioned examples are about antibacterial activities. Some of the 

antimicrobial applications are discussed in the following. A study by Kujda et al. 

showed that silver nanoparticles can be used as an antimicrobial treatment [170]. The 

silver particles attach to the bacteria's surface via electrostatic interactions, which 

allows the bacteria to be ruptured apart by the silver particles. Future applications of 

silver nanoparticles include using their antibacterial properties while combined with 

other materials. For example, Meng et al. prepared silver nanoparticles by coating 

them with silk fibres [171]. The silk could effectively kill some of the existing bacteria 

and could inhibit the growth of new bacteria. Furthermore, the release of Ag+ for the 

modified silk results in lasting antimicrobial activity, affording the modified silk 
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sustainable.  This research may create novel methods for producing antimicrobial silk 

for potential textile applications.   

Silver nanoparticles coated with zirconia have been developed for use in antibacterial 

prosthesis [172]. In light of AgNPs' antimicrobial properties and their low toxicity, the 

biocompatible AgNPs-coated zirconia can be used in the treatment of dental cavities 

and periodontal diseases. The study will prove that wound healing could be inspired 

by these findings. The exceptional bactericidal properties of silver nanoparticles are 

revealed by this research. Additionally, this work will help someone interested in 

researching antibacterial bacteria. 

2.4.2 Applications in catalysis 

It has been demonstrated that silver nanoparticles can greatly boost the catalytic ability 

of chemical reactions. Nano catalysis of silver nanoparticles is a research field that 

has been growing rapidly these days. The fact that metals such as Ag, Au, Pt, and 

other metal ions catalyse the decomposition of H2O2 to O2 is well-known. Guo et al. 

discovered that inserting the silver nanoparticles into the solution of luminol-H2O2 

could greatly improve chemiluminescence (CL) emission from luminol-H2O2 [173]. 

AgNPs displayed the best catalytic performance of CL in the assays. One reaction that 

was catalysed by AgNPs was the decomposition of hydrogen peroxide to produce 

hydroxyl radicals and superoxide anions.  

Silver has the highest reaction rate with oxygen, water, carbon dioxide, ethylene, and 

methanol [174]. Jiang et al. combined silver nanoparticles with silica for enhancing the 

catalytic properties of Ag, and then used that detect dye reduction [175]. By supporting 

silver particles on silica spheres, the flocculation of colloidal metal particles can be 

avoided, which contributes to the efficient catalytic dye reduction. Figure 2.15 shows 

that the absorbance spectrum of the dyes decreases as the dyes are reduced. 

Furthermore, silver possesses catalytic properties which are applicable in the fields of 

water treatments and fibre processing [176]. 
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Figure 2.15 (a) Silver nanoparticles attached to silica spheres. (b) The absorbance spectrum 

of the dyes decreases as the dyes are reduced. [175] 

 

2.4.3 Applications in bioconjugation 

In the medical field, one of the most important applications for metallic nanoparticles 

is that they can be functionalised with biological molecules to target cancer cells [177]. 

Liao and Hafner studied gold nanorods by for biological applications [178]. They 

replaced the surfactant bilayer surrounding gold nanorods by ethylene glycol. 

Bioconjugation of the nanorods was achieved using a heterobifunctional cross-linker, 

and strip-plate assay confirmed the antibody activity. Conjugation of functionalised 

nanorods has also been achieved in murine macrophage cells [179].  Takahashi et al. 

used NIR radiation to conjugate gold nanorods with phosphatidylcholine to study the 

plasmid DNA release [180]. Metallic nanoparticles can be functionalised with various 

biomolecules including nucleic acids, antibodies, lipids, etc. which can be used in 

nanomedicine, cancer diagnostic and tumour therapy [177]. Figure 2.16 shows the 

schematic description of the protocol used by Chen et al. to conjugate the surface of 

Au nanocages with antibodies [181]. To examine the molecular binding of 

bioconjugated nanoparticles, a breast cancer cell line, SK-BR-3, was used. By 

incubating the SK-BR-3 cells into anti-HER2 antibodies, primary mice antibodies were 

immobilised on cancer cells. Next, gold nanocages were conjugated with a secondary 

antibody, and a buffer solution containing IgG-conjugated gold nanocages was added. 

Fluorescence imaging showed cells of uniform green colour, suggesting a 

homogeneous distribution on the cell surface. 



48 
 

 

Figure 2.16. Schematic illustration of the protocol used to conjugate antibodies to the surface 

of Au nanocages. [181]  

 

2.4.4 Photothermal applications 

The cells of all living organisms are extremely sensitive to changes in temperature and 

increases in several degrees can cause cell death. The plasmonic nanoparticles' NIR 

absorption and associated photothermal effects are other important features of the 

material. Compared to non-metallic photothermal absorbers, the anisotropic 

nanoparticles have the additional benefits of in-vivo imaging and therapeutic action. It 

has been demonstrated that specific nanoparticles such as nanorods, nanocages, 

nano-shells and nano-stars have an absorptive capacity for NIR light, which can be 

used for photothermal therapy [145]–[146]. The Au nanocages are capable of 

producing a local heat that can be selectively applied to cancer cells leading to cell 

death [185].  Based on the absorption cross-section of Au nanocages, the absorbed 

photon energy is converted into phonons which raise the system's temperature. 

It is shown that ultrafast laser epitaxial growth of Ag nanocages can produce extremely 

high lattice temperatures [186]. As a modern type of cancer treatment, such therapy 

is less invasive than chemotherapy or surgery and holds strong promise. A study by 

Skrabalak et al. demonstrated the photothermal destruction of breast cancer cells by 

using nanocages with an immune targeting agent [185]. An average nanocage size of 
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65 nm was conjugated with HER2 antibody to bind onto a breast cancer cell. In this 

way, the cancer cells were targeted with a NIR laser. By varying the power density 

and the exposure duration, it is possible to efficiently destroy cancer cells. Cells 

targeted with the immuno- Au nanocages showed immediate response to laser 

irradiation and irreversible damage was occurring at power densities greater than 1.6 

W/cm2 (see Figure 2.17). The level of dead cells increased as time increased following 

exposure. 

 

Figure 2.17. (A, B) SK-BR-3 breast cancer cells treated with immuno- Au nanocages, then 
irradiated with 810 nm light at a power density of 1.5 W/cm2 for 5 min. (C, D) SK-BR-3 cells 

irradiated under the same conditions but without immuno-Au nanocage treatment. [185] 

Salem et al. have shown a new non-viral gene therapy technique using multi-

segmented metal nanorods [183]. Nanotriangles offer another candidate for cancer 

treatment as a very effective compound. The large NIR light absorption of 

nanotriangles shows promise in hyperthermic treatment of cancerous cells. The 

nanotriangle's flat nature would enable it to interact with cancer cells in a more intimate 

manner, reducing the exposure time. Nanotriangles may also be used to target 

targeted transmission to the cancer cells, which decreases the risk of toxicity from the 

metal. 
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2.4.5 Cancer cell imaging 

The high SPR of metallic nanoparticles facilitates imaging with microscopic techniques 

including dark-field optical microscopy and TPL microscopy. Gold nanoparticles are 

an outstanding choice for biomedical imaging, due to the much higher light-scattering 

capability compared to conventional fluorescent dye molecules [188]. Gold and silver 

nanorods are ideal cancer imaging agents since they possess strong absorption and 

scattering properties in the near infrared region. Huang and colleagues synthesised a 

gold nanorods and modified the surface by using PSS and mixing with an antibody 

solution in HEPES buffer [189]. The nanorods bound to anti-EGFR monoclonal 

antibodies were added to the cultured cells. Testing was carried out on two malignant 

cells, and one non-malignant cell. The nanorods bound to malignant cells strongly. 

Figure 2.18B shows the light-scattering results of nanorods bound to malignant and 

non-malignant cells. Nanorods exhibit an orange colour, which signifies surface 

plasmon resonance in the near infrared. The spectroscopic analysis showed that the 

chemical composition of the cancerous cells is around twice the non-cancerous cells.  

A study by Wang et al. reported that a gold nanorod exhibiting LSPR peak of 820 nm, 

was able to generate photoluminescence signals 58 times stronger in comparison to 

rhodamine molecule [190]. There have been also been other studies on using gold 

nanorods as contrast agents for imaging of cancer cells [191], [192].  
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Figure 2.18. (A) Light scattering images of anti-EGFR/Au nanospheres; (B) Light scattering 
images of anti-EGFR/Au nanorods (C) Average extinction spectra of anti-EGFR/Au 

nanospheres; (D) Average extinction spectra of anti-EGFR/Au nanorods. [189] 

 

2.4.6 Surface-enhanced Raman scattering (SERS) substrate  

Surface-Enhanced Raman Spectroscopy (SERS) is an advanced analytical technique 

that significantly enhances the Raman scattering signal of molecules adsorbed onto 

nanostructured metallic surfaces, typically silver, gold, or copper. This enhancement 

occurs due to localised surface plasmon resonance (LSPR), where incident light 

excites collective oscillations of conduction electrons in the metal nanoparticles, 

creating intense electromagnetic fields. These fields amplify the Raman signal of 

nearby molecules, enabling highly sensitive molecular detection, even at single-

molecule levels. Since the SERS technique is an accepted analytical method and a 

reliable measuring instrument, a number of research studies have been previously 

conducted on this topic [154–158]. The shape of nanoparticles is important as the 

sensitivity is strongly dependent on that. Mulvihill et al. used this technique to show 

that different kinds of Ag nanocrystals made by the polyol process are excellent for 

detecting arsenic and in water down to 1 part per billion [198]. The highly resonant 

dielectric response of dielectric arrays coated with a variety of organic species was 

determined. There is a need to develop a non-invasive way to detect arsenic in 
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drinking water in developing countries. There are some significant advantages that the 

SERS detection method has. It is also possible that gold nanoflower (AuNF) 

nanoparticles could be effective SERS substrates. The AuNF nanoparticles could be 

packaged with denatured proteins to become Raman-active tags.  

SERS has also been utilised for real-time detection of molecules [199]. Yang & 

coworkers report higher SERS values for triangular plates owing to their sharp edges 

and corners [195]. The aggregate of silver nanoplates detect molecule with better 

enhancement than the single silver nanoplates as a result of high electromagnetic 

coupling between neighbouring nanoplates. The LSPR-active property and sharp 

edges in the surface of the nanoparticles are responsible for producing high SERS 

values.   

2.4.7 Hydrophobic surfaces 

Surface structure and morphology has an effect on the wetting properties of materials. 

Surface hydrophobicity can be increased by increasing surface roughness or size. 

Super-hydrophobic surfaces exhibit very high repellence to water. The water droplets 

arranged on a superhydrophobic surface form droplets that is nearly spherical in 

shape. Contaminants adhere to water droplets and are removed along with them. 

Anisotropic nanoparticles can be useful as superhydrophobic surfaces. The formed 

superhydrophobic film having a thickness of about 10 millimetres with n-decanethiol 

SAM produced surfaces showed a tilt angle of below 28 degrees and a contact angle 

of 154.591 degrees [200], [201]. The presence of Ag crystallites on a particular 

substrate improves its hydrophobicity, compared to other substrates without Ag 

crystallites (Figure 2.19). The Ag nanoplates were grown on GaAs materials that 

displayed the ‘Lotus' pattern [201]. Ag nanoplates were made hydrophobic using 1-

hexadecanethiol molecules. Ag nanoplate/GaAs composite surface can be varied 

depending on the size of individual nanoplate but also the extent of nanoscale surface 

roughness of said nanoplate. 
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Figure 2.19. Water droplets on the Ag dendritic film surface, Ni surface, and Cu surface. All 

surfaces were modified with n-dodecanethiol. [200]    

 

2.4.8 Infrared absorbent material 

It has been well known that Au-based NIR absorbing films are an alternative to 

reflective coatings for blocking IR radiation.  The use of nanoparticles is highly efficient, 

and cost-competitive with other technologies. Nanoparticles of the NIR-IR absorbing 

materials have been used to develop infrared filters.  A study demonstrated that gold 

nanofibres could absorb a significant amount of heat causing the temperature inside 

of the box to decrease when exposed to daylight [202].  Heat absorption experiments 

were conducted with a monolayer of mesoflowers (MF)-coated glass slides, and a 

blank glass substrate was used as the control. The resulting temperature in the MF-

coated glass was 2 oC lower in comparison to the blank glass substrate. Metallic 

nanotriangles  have an NIR and IR absorbing property, which can be used as heat-

absorbing or window-reflective coating [202], [203]. 

 

2.5 Stealth  

Stealth in the military field is the use of methods and tactics to counter active and 

passive measures; in order to avoid detection against radar, infrared, acoustic and 

other sensors for aircraft, equipment, vehicles and uniform [204]. Also known as low 

observable stealth and signature management, it’s a way of achieving camouflage for 

military systems to avoid detection by various sensor equipment such as infrared, 

acoustic, radar, etc. Survivability of aircraft, ships and other military vehicles is critical 

to achieve success in wars. By camouflaging military vehicles and equipment, chances 
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of surviving can be increased. With developments in sensor technologies, signatures 

such as radar, infrared, acoustic can be detected easily and used to deploy surface to 

surface or surface-to-air missiles to destroy air, ground and naval vehicles. 

Humans have always employed stealth methods through history. The advent of World 

War 1 brought about visual stealth methods, whereas World War 2 saw the invention 

of radar stealth. Since the development of reconnaissance technology, the goal for 

any country has been to operate without the knowledge of the enemy. That has also 

led to development of various detection methods. Therefore, to counter them, it is 

necessary to use special materials and designs to reduce signatures such as infrared, 

acoustic, radar. 

2.5.1 Active stealth 

Emphasis on stealth technologies began during World War II, as radar technology was 

developed to detect aircraft and naval ships [205]. Radar stands for Radio Detection 

and Ranging. The technology makes use of electromagnetic radiation to detect 

objects. It does so by sending out radio and microwave signals from a transmitter 

which are reflected from objects and picked by up a receiver (usually from the same 

antenna). The received signal is processed to determine the nature and distance of 

object; based on such information, appropriate action can be taken [206]. By using 

radar cross section (RCS), the size the of an object can be known. This mode of 

detection is known as active detection since the electromagnetic signals are 

transmitted from the detector and reflected signals are used to obtain necessary 

information. 

To counter radar detection, aircraft are designed in a special way. By using flat 

geometries and sharp angles, the radar signals may be deflected and/or avoided. 

Another use is by using materials that absorb radar signals at frequencies used the 

detectors.   

2.5.2 Passive stealth 

Passive mode of detection involves detection of signals produced by aircraft, naval 

and ground vehicles. Infrared is the major passive signature used to detect objects. 

Any object with temperature over 0 K emits radiation in the infrared spectrum. 

According to Stefan–Boltzmann law [207], the radiation emitted from an object 



55 
 

increases with a fourth fold increase in temperature, and as the temperature increases 

the wavelength of the radiation becomes shorter. An object at room temperature emits 

radiation at a wavelength of 9.9 µm, and the radiation emitted by an object at 1000 °C 

is at 2.3 µm.  

The infrared (IR) spectrum ranges between 770 nm to 1 mm, which corresponds to 

frequencies between 4.3×1014 Hz and 300×109 Hz. However, the common region in 

use has a range between 0.77 to 14 µm. This range is separated into three sub-bands: 

near-IR (NIR) at 0.7-1.5 µm; mid-wavelength (MWIR) at 1.5-6.0 µm; and long-

wavelength (LWIR) at 6-14 µm.   

2.5.3 Threat detectors 

Advancements in technology and materials science has led to development of sensors 

with high degrees of accuracy. These allow detection of targets across a range of 

electromagnetic and acoustic spectrums. These sensors are highlighted below in 

Table 2-2. 

Wavelength Detector equipment Range 

UV to NIR 

(0.4 to 1 um) 

- Telescope 

- Sight 

- CCDs 

- Long  

- Short 

- Short 

MWIR to LWIR 

(3-5, 8-14 um) 

- Thermal 

- Photonic 

- Long 

- Long 

Radar 

(2.7 mm to 100 m) 

- Doppler - Long 

Acoustic - Sonar - Long 

Table 2-2 Examples of sensors for detecting different electromagnetic wavelengths 

 

IR detectors use materials that are sensitive to certain wavelengths in order to easily 

differentiate objects from background. To detect objects between 2-4 µm wavelength 

(such as an aircraft shown in Figure 2.20), sensors with cooled or uncooled lead 

selenide (PbSe) are used. Mercury cadmium telluride (MCT) are used to detect 5 µm 

and longer wavelengths and can be integrated with microbolometers and 

photodetectors. In addition, detection ranges have benefited from the integration of 

focal plane arrays, with increasing numbers of detectors for higher resolution. The 
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properties of materials also determine emissions. One such property is emissivity, 

which is defined as the ratio of radiation emitted from a material relative to a blackbody 

(that has an emissivity of 1).  

 

Figure 2.20. Mid-wavelength infrared signature of a commercial aircraft showing engine 

emissions – vulnerable to IR- seeking missiles [208] 
 

The property of the ‘radiance’ (emissions for each unit area) of a material can be 

determined by its temperature and emissivity, whereas its ‘intensity’ (its signature-

strength with regards to a sensor) is dependent upon the portrayed area at a sensor. 

This is as detectors respond to ‘irradiance’, the concentrations of the emission 

projecting on it. Thus, a material’s infrared intensity is dependent upon the angle of 

view from which it is detected and due to the sensor being placed at a sphere’s centre, 

a decrease in irradiance is proportional to the square of the distance. 

Additionally, to thermal radiation emission, aircraft have the potential to reflect rays 

emitted by the Sun (sunshine), from the sky (sky shine) and from the ground 

(earthshine). Thus, both reflected and emitted forms of radiation must be considered 

if trying to determine the control of the IR signature. All rays of incident radiation must 

be reflected, absorbed, or transmitted, as to follow Mayer’s law of conservation of 

energy. If emissivity is to decrease, then the reflectivity of a material must increase as 

absorptivity is directly proportional to its emissivity. Many materials are commonly too 

thick to allow transmission.   

The sum IRSL (infrared signature level) of a target is the combined total signatures of 

its complete components. Each individual component has an individual signature 

which can be calculated through the difference between the radiance it produces and 

the background and path. 
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The following paper by K. E. Andersson and C. Åkerlind S [38], identifies six 

characteristics that would make an ideal spectral coating material. These are: 

1. spectrally selectively reflectance- this means the coating is reflected to 

required waveband such as UV-VIS-NIR (0.2-2), MWIR (3-5), LWIR (8-14), 

and Radar (>1 mm)  

2. low gloss- this means less reflectance 

3. low degree of polarisation 

4. low infrared emissivity – 0.4 to 0.6 

5. non-destructive properties- to avoid damage to other  

6. controllability- the ease of modifying the material 

 

Identified coating designs include pigments, one-dimensional structures, 

multidimensional structures, bio-mimic and metamaterials. For pigments, the design 

consists of metal oxides embedded in a binder material. 

 
Refere
nce 

Coating 
material (s) 

Geometry Preparation 
method 

Substrate Coating 
method 

Result 

[209] PANI/CB Powder Sol-gel Al Spin Absorption increased 

[210] Cu, EBDM Spheres, 
flakes 

Chemical Ti Sputter Emissivity reduced due 
to leafiness 

[211] Cu, PU Powder Chemical Ti Doctor blade, 
spray 

Emissivity reduced with 
higher Cu 

[212] C-Al2O3 Powder Chemical Ti  - 

[213] Al/PU Powder  Ti Spray ε of 0.06 achieved 8-14 
μm 

[214] CsxWO3 Nano-rods Chemical Quartz Spray - 

Table 2-3 Some studies showing combination of materials used for IR stealth purposes 
 

2.5.4 Summary 

Low observable materials are desirable in defence applications to reduce radiation 

signatures. Metal/polymer composites offer solutions for certain applications in 

signature management. By developing composite coatings that can absorb selective 

radiation signatures, platforms such as vehicles and military equipment can be 

protected from being detected and targeted. From Table 2-2, it can be seen that certain 

sensors detect radiation signatures between 0.4 to 1 µm wavelengths. It is possible to 

synthesise silver nanomaterials that can absorb selective wavelengths between 400 
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– 1200 nm. By developing a nanocomposite coating, detection of aforementioned 

radiation wavelengths can be countered. This is an area to be explored using the 

nanomaterials in this research project.         

2.6 Conclusions 

In the literature, the theory behind surface plasmon resonance was discussed. Also, 

various synthesis methods nanoparticles along with their applications have been 

discussed. The following key points can be concluded. Gold and silver nanoparticles 

offer unique optical and electronic properties, making them attractive for numerous 

applications. The absorbance of these nanoparticles can be tuned by changing their 

morphology. Spherical nanoparticles exhibit LSPR absorbance in the ultraviolet-visible 

wavelengths, whereas anisotropic nanoparticles are capable of absorbing 

wavelengths in the near-infrared. It is possible to customise nanoparticles for an 

intended application. 

A number of synthesis methods for anisotropic nanoparticles were discussed. The 

seed-mediated method is relatively easy as it can be carried out in a single container 

at room temperature. It was therefore selected for further exploration by systematically 

studying the effect of each parameter to optimise the synthesis. This allows an 

improved understanding of nanoparticle growth. By building on the information gained 

about the nanoparticle growth, the enhancement in the absorbance by controlling the 

growth would be feasible. Optimal parameters can then be selected for synthesis of 

nanoparticles that would result in absorption of higher wavelengths. This method also 

has the potential for scaling up the synthesis which can lead to larger production. By 

developing a flow reactor, continuous synthesis can be achieved to enable controllable 

synthesis. 
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Chapter 3 Batch Synthesis of Silver Nanoparticles 

3.1 Introduction 

This chapter describes the batch synthesis methods and analytical techniques used 

to synthesise and characterise silver nanoparticles. In this project, seed-mediated 

approach was used to synthesise nanoparticles. Two methods from the literature were 

selected, namely, ‘Rekha method’ and ‘Murphy method’. Reaction conditions and 

parameters were varied to study their effect on the optical properties and morphology 

of nanoparticles. Investigating the effect of these parameters was carried out to identify 

the optimal parameters for higher absorbance, and to provide useful information for 

design and operation of continuous flow production.  

In most chemical methods, initial work involved synthesis of Ag seed particles, which 

were achieved by reducing silver nitrate (AgNO3). These seeds were then grown into 

nanorods. The reason for selecting this method was the ease of synthesis as it  

required non-special equipment and was also relatively quick as well as cost-effective. 

The reactions were carried out at room temperature using chemicals bought from well-

known chemical suppliers (Sigma Aldrich and Fischer). It was vital to use a chemical 

method as one of the objectives of the project was to produce these nanorods 

continuously. This can be achieved through the development of micro/milli flow 

reactors once optimal parameters for AgNR synthesis are identified.  

3.2 Synthesis of silver nanoparticles 

This section introduces the synthesis methods used in this project to produce 

anisotropic silver nanoparticles using the seed-mediated approach. Two methods 

using different capping agents for seed solutions and different concentrations of 

chemicals were used, as detailed in the following sections. 

3.2.1 Chemicals 

Silver nitrate (AgNO3, 99.995%), cetyltrimethylammonium bromide (CTAB, 99%), 

sodium borohydride (NaBH4, 99%), L-ascorbic acid (AA, 99%), trisodium citrate (TSC) 

and sodium hydroxide (NaOH, 99%) were purchased from Fisher Scientific and Sigma 

Aldrich and used without further purification. Millipore water was used for the 
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synthesis. All glassware was washed with detergent, thoroughly rinsed with double 

distilled water, and dried prior to usage. 

3.2.2 General seed-mediated synthesis procedure  

For the preparation of silver nanorods, seed-mediated growth method was used. It 

was a two-step process as shown in Figure 3.1. In principle, it included the mixing of 

two main components. The first component was the seed solution containing silver 

nanoparticles in the nucleation stage. In the second component, a surfactant, 

hexadecyltrimethylammonium bromide (CTAB), was used for providing the anisotropic 

growth of silver rods. The Ag seed was prepared by chemical reduction of AgNO3 with 

NaBH4 in the presence of two different capping agents to stabilise the nanoparticles. 

In growth solution silver was reduced by ascorbic acid in the presence of seed.  

 

Figure 3.1. The Schematic illustration of the seed-mediated synthesis of silver nanorods. 
The seed solution includes silver nitrate (AgNO₃), sodium borohydride (NaBH₄), and CTAB. 

The growth solution comprises CTAB, AgNO₃, ascorbic acid (AA), NaOH, and seed solution. 

Preparation of seed particles 

To prepare silver seed particles, an aqueous solution containing AgNO3, and a capping 

agent were mixed in a 50 mL round-bottom flask (Figure 3.2). Next, NaBH4 (reducing 

agent) solution was injected into the solution all at once while stirring at high speed 

(600 rpm). The colour of solution changed to light yellow, as shown in Figure 3.2. This 

solution was used as a stock silver seed solution.  
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Figure 3.2. Colloidal solution of Ag seeds  

 

Procedure of silver nanorod growth 

For the growth solution, first an aqueous solution containing CTAB was prepared. This 

solution was heated to 35 °C while stirring to dissolve the CTAB and used after cooling 

to room temperature. CTAB solution was added to glass vial (15 mL). Next, AgNO3 

and freshly prepared ascorbic acid were added, and varied amount seed solution was 

added. Finally, NaOH was added. Within 2 minutes, the solution colour changed 

depending on the seed concentration (see Figure 3.3 for different colours of solutions 

in cuvettes). 

 

Figure 3.3. Ag nanorod solutions prepared using varied seed volume 
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3.2.3 Method 1 – Rekha method 

In this method, silver nanorods were prepared according to a seed mediated synthesis 

used by Rekha et al. [48]. The seed solution was prepared by mixing 5 mL of 0.01M 

AgNO3 and 80 μL of 0.1 M CTAB stock solution in a 50 mL round-bottom flask. This 

was made up to 20 mL with Millipore water and to this 0.6 mL of 0.01 M NaBH4 was 

added and stirred for 2 minutes. The solution was kept undisturbed for 1 hour, before 

adding to it the growth solution. To produce silver nanorods with varying aspect ratios, 

10 mL of a growth solution consisting of 0.01M CTAB, 0.25 mL 0.02 M AgNO3 and 0.5 

mL 0.1 M ascorbic acid was taken. To this, a varied amount of seed solution (between 

0.02 - 1.0 mL) was added. Finally, 0.10 mL of 1 M NaOH was added to each set and 

shaken gently. The colour of the solution was seen to change gradually depending 

upon the concentration of the seed solution added. The above concentrations were 

used as reference and were each varied individually to study their effect on the optical 

properties on the nanoparticles (see Figure 3.4 for reference spectra). The table below 

shows the concentrations used for each solution.  

Chemical Reference 

concentration 

Varied 

concentrations 

AgNO3 in seed solution 10 mM 1, 5, 20 mM 

CTAB in seed solution 100 mM N/a 

NaBH4 in seed solution 10 mM 1, 5, 20 mM 

AgNO3 in growth solution 20 mM 10, 40, 50 mM 

CTAB in growth solution 10 mM 5, 20, 50 mM 

AA in growth solution 100 mM 50, 200, 300 mM 

NaOH in growth solution 1 M 0.5, 2.0 M 

Table 3-1 Parameters for Method 1 
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Figure 3.4. Absorption spectra of silver nanorods prepared with different concentrations of 
seed particles: (a) 0.25 mL, (b) 0.125 mL, and (c) 0.1 mL The three spectra correspond to 

aspect ratios of (a) 6 ± 0.86, (b) 11 ± 0.43 and (c) 15 ± 2.87 [48]. 

 

3.2.4 Method 2 – Murphy method 

This method was referenced from experimental work carried by the infamous Murphy 

group [64]. This method is different from the above method in the preparation of seed 

particles, as well as using different concentrations for other chemicals. For the 

preparation of seed solution: a 20 mL solution with a final concentration of 0.25 mM 

AgNO3 and 0.25 mM trisodium citrate in water was prepared in a round bottom flask 

(50 mL). While stirring vigorously (600 rpm), 0.6 mL of 10 mM NaBH4 was added all 

at once. Stirring was stopped after 30 s. The seed solution was left for 2 hours before 

being used. The resulted solution was brownish yellow in colour. 

For the preparation of Ag rods: first, a set of solutions were prepared containing 0.25 

mL of 10 mM AgNO3, 0.50 mL of 100 mM ascorbic acid, and 10 mL of 80 mM CTAB. 

Next, a varied amount of seed solution (between 0.02 – 1 mL) was added. Finally, 

0.10 mL of 1 M NaOH was added to each set. NaOH is added last to obtain the desired 

nanorods in decent yield. After adding the NaOH, the solution was gently shaken just 

enough to mix the NaOH with the rest of the solution. Within a few minutes a colour 

change occurred depending on seed concentration. The above concentrations were 

used as reference and were each varied individually to study their effect on the optical 
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properties on the nanoparticles (see Figure 3.5 for reference spectra). The table below 

shows the concentrations used for each solution. 

Chemical Reference 

concentration 

Varied 

concentrations 

AgNO3 in seed solution 0.25 mM  0.5, 1, 2 mM 

TSC in seed solution 0.25 mM N/a 

NaBH4 in seed solution 10 mM N/a 

AgNO3 in growth solution 10 mM 20, 40 mM 

CTAB in growth solution 80 mM 50, 100 mM 

AA in growth solution 100 mM 50, 200 mM 

NaOH in growth solution 1 M 0.5, 2.0 M 

Table 3-2 Parameters for Method 2 

 

 

Figure 3.5. UV-vis spectra of silver nanorods: Effect of changing amount of seed. (1) = 2.0 
mL, (2) = 1.0 mL, (3) = 0.5 mL, (4) = 0.25 mL, (5) = 0.125 mL and (6) = 0.06 mL of seed 

solution [64]. 
 

The seed-mediated synthesis method was selected for this project due to its superior 

control over particle shape and aspect ratio, which are critical parameters in tuning the 

optical properties of silver nanorods [162], [215]. Compared to other chemical 
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approaches, such as the polyol method or photochemical synthesis, seed-mediated 

growth offers a higher degree of reproducibility and yields nanorods with narrower size 

distributions and more uniform morphologies. This level of precision is essential for 

producing AgNRs with specific absorption characteristics in the near-infrared (NIR) 

region, a key requirement for the intended applications in IR stealth and optical 

filtering. 

The rationale for selecting these two specific seed-mediated methods, namely the 

Rekha and Murphy methods, stems from their reported efficacy in producing 

anisotropic nanoparticles and their differing strategies in reagent concentration and 

growth kinetics, which provided a valuable comparison framework [162], [48]. The 

Murphy method is one of the most established protocols in the literature and forms the 

basis of many subsequent adaptations. It involves well-defined seed preparation and 

growth solution composition using CTAB as the surfactant and ascorbic acid as the 

mild reducing agent. In contrast, the Rekha method introduces variations in reagent 

ratios and reaction sequence, offering potential improvements in yield and particle 

uniformity under specific conditions. 

The main differences between these methods lie in their treatment of silver nitrate 

concentrations, seed aging protocols, and the balance between reducing and 

stabilising agents. These variations directly affect the kinetics of silver ion reduction 

and crystal facet stabilisation, which in turn influence the final nanorod length, 

diameter, and aspect ratio. By trialling both methods under controlled conditions, this 

project aimed to evaluate their suitability for consistent production of AgNRs with 

targeted NIR absorption, ultimately selecting the more scalable and stable synthesis 

route for nanocomposite integration and flow synthesis development. 

3.2.5 Purification method 

The nanoparticles were purified using two methods: static precipitation and 

centrifugation, as described below. 

The Ag nanoparticles in Method 1 were mostly purified through static precipitation, 

which was an effective and easy separation process without using centrifugation or 

filtration. When left for an hour or more, bigger nanoparticles such as rods naturally 

precipitated at the bottom of glass tubes due to electrostatic aggregation. Smaller 

particles and by-products remained in the supernatant. The precipitate was re-
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dispersed in Millipore water and used to measure its absorbance and carry out TEM 

analysis. 

Samples in Method 2 were purified by centrifugation. An Eppendorf centrifuge was 

used at 6000 rpm for 15 minutes to remove smaller particles and excess chemicals. 

The supernatant was disposed of, and precipitated nanoparticles were dispersed in 

Millipore water for further characterisation. 

 

3.3 Characterisation 

The prepared colloidal samples were analysed for their absorbance of light, and the 

morphology of nanoparticles was examined using transmission electron microscopy 

(TEM).  

3.3.1 Optical Spectrometry 

The localised surface plasmon resonance (LSPR) of silver nanoparticles was studied 

by measuring their absorbance corresponding to the shape and size the nanoparticles. 

For example, the recorded LSPR of silver nanoparticles of different sizes exhibited a 

red shift in maximum absorbance of the silver particles indicating bigger particles. 

UV-visible-NIR spectroscopy analysis employed a Perkin Elmer Lambda 750S UV-

visible-IR spectrophotometer (Figure 3.6) over a wavelength of 300 to 1100 nm with a 

scan rate of 480 nm/min and a step of 2 nm per data point. A 10 mm quartz cuvette 

was employed. All samples were measured for absorbance against Millipore water.  

 

Figure 3.6. Perkin Elmer Lambda 750S UV-VIS-IR spectrophotometer 
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3.3.2 Transmission Electron Microscopy  

Transmission electron microscope (TEM) analysis utilised an FEI Tecnai T12 TEM 

(Figure 3.7). This TEM has an operating voltage range of 20 to 120 kV, with 

magnification capability of thin samples (<200 nm) up to 700,000 times. It also has an 

energy-dispersive X-ray spectroscopy (EDS) system, a Gatan MSC794 CCD camera 

for digital image acquisition, and a video camera for video-rate recording at moderate 

magnifications. Samples were prepared by drop-casting the prepared nanoparticle 

solution onto carbon and Formvar coated Cu/Pd 200 mesh grids with subsequent 

base-fluid evaporation. Further TEM picture analysis was carried out using ImageJ 

image analysis software. The scale bar on the TEM image was used to calibrate the 

line length employed in the ImageJ image analysis software and the size of the 

individual nanoparticles was then measured. 

 

Figure 3.7. FEI Tecnai T12 transmission electron microscope 
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Batch synthesis results  

Below, the outcomes related to silver nanoparticles synthesised through two seed-

mediated techniques, as detailed above, are elucidated. The primary emphasis of this 

segment pertains to the optical characteristics and structural morphology of the 

nanoparticles. The implications of both synthesis techniques are deliberated upon, 

with a sequential analysis of the impact of each parameter examined. 

3.4 Batch synthesis using method 1  

In this method, CTAB capped silver seed particles were used to produce anisotropic 

nanoparticles. The concentrations of reagents in the seed phase as well as growth 

phase were varied separately to study their effects on optical properties of silver 

nanoparticles.  

The seed particles were prepared by reducing AgNO3, mixed with an aqueous solution 

of CTAB, using NaBH4 as the reducing agent to ensure the complete reduction of Ag+. 

A colour change was observed within 1 minute from a clear solution to yellowish, 

indicating the formation of spherical silver nanoparticles. The colloidal solution was 

covered with aluminium foil and kept out of light for 1 hour before being used.     

This seed solution was then further used without any purification to produce secondary 

nanoparticles. For each seed solution, five sets of growth solutions were made. Each 

set contained the surfactant CTAB, AgNO3 and ascorbic acid. Then seed solution was 

added in amounts of 0.01 – 0.2 mL. Lastly, a solution of NaOH was added. Within a 

few minutes, the colour of each set changed according to the seed amount.       

3.4.1 Effects of silver nitrate added during seed particles formation 

The effect of concentration of silver nitrate in seed solution was investigated. Seed 

particles were synthesised at four different concentrations of silver nitrate: 1, 5, 10 and 

20 mM. The selection of four specific silver nitrate concentrations (1 mM, 5 mM, 10 

mM, and 20 mM) was based on the need to systematically investigate the influence of 

precursor concentration on the formation, size distribution, and optical properties of 

silver nanoparticles. These concentrations were chosen to cover a broad range, from 

low (1 mM) to high (20 mM), allowing for a comprehensive analysis of how varying 

silver ion availability impacts the nucleation and growth processes. Lower 

concentrations are expected to produce fewer nucleation sites, leading to the 
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formation of larger but more uniform seed particles. Conversely, higher concentrations 

can promote rapid nucleation, potentially resulting in a broader size distribution. The 

concentrations of other reagents were kept constant. Below, the effect on seed 

particles and final particle growth is discussed. 

Effect on seed particles formation 

Spectrophotometry serves as an instrumental method for analysing the optical 

characteristics and structural morphology of nanoparticles. This is because varying 

nanoparticles manifest surface plasmon resonance at distinct frequencies, contingent 

upon their shape and dimensions [23]. As depicted in Figure 3.8, the UV-Vis 

absorption spectra of silver seed nanoparticles show a dependence on silver nitrate 

(AgNO₃) concentration. The absorption peaks are located within the 400–420 nm 

wavelength range, consistent with the surface plasmon resonance (SPR) of spherical 

silver nanoparticles [216]. As the AgNO₃ concentration increases, the SPR peak 

exhibits a slight red shift, from approximately 405 nm at 1 mM to 414 nm at 20 mM. 

This shift suggests a change in nanoparticle size or local dielectric environment, which 

can be attributed to variations in nucleation and growth dynamics. 

The full-width at half-maximum (FWHM) values provide a quantitative measure of peak 

broadness, reflecting the size distribution of the nanoparticles. At 1 mM AgNO₃, the 

FWHM is approximately 52 nm, indicating a relatively narrow peak and suggesting a 

more uniform particle size distribution. However, as the concentration increases, the 

FWHM values increase to 72 nm (5 mM), 80 nm (10 mM), and 77 nm (20 mM), 

respectively. This trend indicates that increasing the silver nitrate concentration results 

in a broader absorption peak, which is typically associated with a higher degree of 

polydispersity in nanoparticle size. 

The broadening of the SPR peak at higher AgNO₃ concentrations suggests that while 

a greater availability of silver ions facilitates more nucleation events, it also leads to 

variations in the growth rates of different particles, producing a wider range of sizes. 

This effect is particularly pronounced at 10 mM AgNO₃, where the FWHM reaches its 

maximum (80 nm), indicating the highest size polydispersity. A slight decrease in 

FWHM at 20 mM (77 nm) suggests a marginal reduction in size variation, possibly due 

to saturation effects in the precursor concentration. This aligns with literature reports 

that correlate increased FWHM with polydispersity in nanoparticle synthesis [217]. 
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Figure 3.8. UV-Vis spectra of silver seed particles obtained at 1, 5, 10 and 20 mM of silver 
nitrate 

Figure 3.9 shows exemplar TEM images of nanoparticles synthesised at the lowest 

and highest (1 and 20 mM, respectively) concentrations of silver nitrate. As evident 

from Figure 3.9A, the 1 mM sample showed nanoparticles of various diameters 

(ranging between 4 – 40 nm), with some quasi-spherical shaped particles. The 

nanoparticles showed a high polydispersity. When AgNO3 was increased to 20 mM, 

the average diameter of nanoparticles was 5.9 ± 1 nm, with a better monodispersity. 

It can be concluded that a relatively high amount of  AgNO3 was favourable for 

producing uniform seed particles. 

 

Figure 3.9. TEM images of Ag nanoparticles synthesised at lowest and high AgNO3 
concentrations: (A) 1 mM; (B) 20 mM. 

 

Effect on final particle growth  

Figure 3.10 illustrates the optical absorption spectra corresponding to nanoparticles 

synthesised utilising four distinct concentrations of silver nitrate in the seed particles. 

Various amounts of seed in the growth solution were employed to produce these 
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nanoparticles. Analysis revealed that every sample displayed two plasmon peaks, 

signifying the development of anisotropic nanoparticles. The surface plasmon 

resonance (SPR) characteristics of these nanoparticles were intrinsically linked to the 

seed concentration. A notable red shift in the absorption peak's position was 

discernible with diminishing seed concentration, suggesting a concomitant increase in 

the nanoparticle dimensions. Specifically, for a seed solution with a silver nitrate 

concentration of 1 mM, incorporating 0.01 mL of seed into the growth solution 

facilitated the formation of nanoprisms and hexagonally structured nanoparticles, as 

delineated in Figure 3.11A. The SPR characteristic manifested two distinct peaks: one 

proximate to 400 nm and another situated between 950 and 1000 nm. The dimensions 

of these nanoparticles ranged from approximately 300 to 400 nm, gauged from one 

edge to the other. It is imperative to highlight that at an AgNO3 concentration of 1 mM, 

the samples presented two peaks. The initial, subdued peak proximate to 400 nm 

could be attributed to the existence of spherical nanoparticles. In contrast, the 

subsequent expansive peak was associated with the in-plane dipole resonance mode, 

indicative of the presence of nano triangular structures. 

The formation of these anisotropic shapes can be attributed to the characteristics of 

the seed particles. As previously explained, upon synthesising seed particles with a 

concentration of 1 mM AgNO3, there was the formation of comparatively sizable and 

non-homogeneous particles. This scenario provided an abundance of nucleation sites 

on the seed particles, facilitating silver atoms from the growth solution to adhere and 

cultivate these distinct shapes. With an increase in seed concentration, there was a 

discernible shift of the peaks toward reduced wavelengths, signifying a diminution in 

the size of the nanoparticles. Furthermore, the spectral peaks corresponding to 

elevated seed concentrations exhibited reduced breadth, signifying a more consistent 

size distribution among the nanoparticles. 
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Figure 3.10. UV-Vis spectra of the final nanoparticle growth at different concentrations of 
silver nitrate in the seed solution. For each concentration, the seed amount was varied 

between 0.01 to 0.2 mL. 

 

 

Figure 3.11. TEM images of nanoparticles produced using different amount of AgNO3 in 
seed solution : (A) 1 mM AgNO3, 0.01 mL seed; (B) 5 mM AgNO3, 0.01 mL seed; (C) 10 

mM AgNO3, 0.01 mL seed; (D) 20 mM AgNO3, 0.01 mL seed 
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When the AgNO3 concentration in the seed was increased from 1 to 5 mM, the 

absorption peaks observed for all specimens transitioned to shorter wavelengths. 

Nevertheless, the morphology of the nanoparticles varied considerably, 

encompassing forms such as truncated nanoprisms, nanocubes, quasi-spherical 

configurations, and abbreviated nanorods, as illustrated in Figure 3.11B. With a further 

increment in the AgNO3 concentration in the seed to 10 and 20 mM, there was a 

discernible shift in the absorption spectra toward extended wavelengths. Transmission 

Electron Microscopy (TEM) imagery of the samples with a 0.01 mL seed depicted 

elongated nanorods, along with more expansive spherical and triangular particulates, 

in contrast to the ones synthesised using a 5 mM AgNO3 concentration. 

The two distinct absorption peaks in nanorods were due to absorption in the transverse 

and longitudinal axis of the nanorods. Lower concentration of seed resulted in 

absorbance of higher wavelengths, indicating that the size of nanoparticles increased 

as the seed amount was decreased. The growth of nanoparticles in solutions with 

higher silver nitrate in seed solution was related to the seed particles. When AgNO3 

concentration in the seed was high, small particles with a uniform diameter were 

formed. Smaller particles had less nucleation sites for silver atoms to attach to, and 

form longer particles, in this case nanorods. Also, as the seed concentration was 

decreased, the number of nucleation sites overall was relatively smaller compared to 

those in larger seed amount. Hence, the frequency of silver atoms to attach to one 

particular site increased, leading to growth in that particular direction [48].    

The UV-Vis and TEM data were compared against reference spectra (Figure 2.4) for 

silver nanorods and nanoprisms to evaluate morphological influence on plasmonic 

response. A summary of results in present in Table 3-3. For nanoprisms (1mM, 0.01 

mL sample), a large edge length of ~250 nm resulted in an LSPR peak at 990 nm. 

Compared to literature spectra, which show LSPR peaks from 500-700 nm for 35-

64 nm prisms, this redshift confirms the expected spectral behaviour of larger planar 

structures with greater dipolar oscillation pathways. In comparison to the equivalent 

sample synthesised using Rekha’s method, the nanoparticle morphology in this 

experiment was notably different. Despite the morphological variation, the LSPR peak 

in the current sample was significantly redshifted, centred at 990 nm, whereas Rekha’s 

method produced a peak around 650 nm. 
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Nanorods produced in 10 mM and 20 mM samples exhibited aspect ratios of 2.5 and 

3.2, with corresponding longitudinal LSPR peaks at 632 nm and 685 nm, respectively. 

These values differ to the literature’s aspect ratio range (AR 6-15), but follow a 

consistent redshift trend as aspect ratio increases, in line with Rekha’s method. 

AgNO₃ (mM) Seed Volume 

(mL) 

LSPR λ (nm) Morphology Size / Aspect 

Ratio 

1 0.01 990 Nanoprisms ~250 nm edge 

length 

5 0.01 560 Mix: prisms, 

spheres, rods 

~60 nm average 

size 

10 0.01 632 Mix: quasispheres 

and rods 

Rods AR = 2.5; 

spheres ~30 nm 

20 0.01 685 Mix: quasispheres 

and mostly rods 

Rods AR = 3.2; 

spheres ~40 nm 

Table 3-3 Summary of morphological and optical characteristics of silver nanoparticles 
synthesised using Method 1 under varying AgNO₃ concentrations. The table includes seed 
volume, observed longitudinal surface plasmon resonance (LSPR) peak wavelengths from 

UV-Vis spectra, corresponding nanoparticle morphology, and particle size or aspect ratio as 
determined from TEM analysis. 

 

3.4.2 Effects of reducing agent during seed particles formation 

The effect of changing concentration of reducing agent in seed solution was 

investigated. Seed particles were synthesised at four different concentrations of 

sodium borohydride: 1, 5, 10 and 20 mM. The concentrations of other reagents were 

kept constant.  Below the effect on seed particles and final particle growth is discussed. 

Effect on seed particles formation 

Figure 3.12 shows the UV-Vis absorption spectra of seed particles prepared at 

different concentrations of sodium borohydride. The results showed that all four peaks 

were around 420 nm wavelength, indicating synthesis of spherical silver nanoparticles. 

However, differences in peak intensity and full width at half maximum (FWHM) were 

observed across the samples, indicating changes in nanoparticle size and dispersity. 

When concentration of NaBH4 was 1 mM, the UV-Vis spectrum exhibited a relatively 

broad absorption peak with a FWHM of 90 nm and low intensity, suggesting low 
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particle concentration and high polydispersity. TEM image analysis showed relatively 

larger non-uniform particles of up to 50 nm in diameter (as shown in Figure 3.13A). 

Increasing the NaBH₄ concentration to 5 mM resulted in a narrower absorption peak 

(FWHM = 84 nm) and significantly increased intensity. The particles produced were 

smaller (average diameter: 5.9 ± 1.1 nm) and more uniform in size. At 10 mM, the peak 

width remained consistent (FWHM = 85 nm), while the average particle size slightly 

increased. Interestingly, further increasing the concentration to 20 mM did not lead to 

further peak narrowing; instead, the FWHM returned to 90 nm, correlating with a 

moderate increase in particle size (8.7 ± 1.2 nm, Figure 3.13B.). These results suggest 

that while NaBH₄ concentration influences nanoparticle size and number, the 

assumption that higher NaBH₄ always leads to sharper peaks is not valid. 

The data demonstrate that moderate NaBH₄ concentrations (5–10 mM) are optimal 

for generating relatively monodisperse and small silver nanoparticles. At lower 

concentrations, fewer nuclei form, allowing larger particle growth and broad size 

distribution. At excessively high concentrations (e.g. 20 mM), rapid nucleation may 

increase particle number, but size uniformity may be compromised due to uncontrolled 

growth kinetics or aggregation. This trend aligns with findings reported by Liu et al. 

[218]., who also observed non-linear relationships between reductant concentration 

and nanoparticle monodispersity. 

In summary, NaBH4 not only contributes to nanoparticle generation but also serves a 

pivotal role in stabilising the synthesis process by thwarting nanoparticle 

agglomeration. 
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Figure 3.12. UV-Vis spectra of silver seed particles obtained at 1, 5, 10 and 20 mM of 
sodium borohydride 

 

Figure 3.13. TEM image of Ag nanoparticles synthesised at lowest and high sodium 
borohydride concentrations: (A) 1 mM; (B) 20 mM. 

 

Effect on nanoparticle growth 

Figure 3.14 shows the optical absorption spectra of the colloidal nanoparticles 

prepared using three different concentrations of sodium borohydride in seed phase. 

For each concentration, seed volumes of 0.01 – 0.20 mL were used to synthesise 

nanoparticles. When the concentration of sodium borohydride was 1 mM, the resulting 

nanoparticles showed only one peak between 420 and 450 nm, indicating they were 

spherical in shape. As the seed concentration was reduced, the peak shifted to longer 

wavelengths, indicating increase in nanoparticle size. As discussed above, when a 

smaller amount of sodium borohydride in seed solution was used, larger spherical 

particles were formed. Due to the large seed particles, their addition in the growth 

solution only resulted in formation of spherical nanoparticles. Hence, they exhibited 

only one absorption peak.  
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Nanoparticles produced at 5 mM of NaBH4 in seed phase exhibited two absorption 

peaks, consistent with nanorod formation. All samples exhibited an initial peak at 

around 400 nm due to absorption in the transverse axis, and a secondary peak due to 

absorption along the longitudinal axis. As the seed concentration was reduced, the 

secondary peak shifted to higher wavelengths, indicating increase in the nanorod 

length. Nanoparticles made with 0.01 mL seed concentration showed the highest 

absorbed wavelength centred at around 660 nm.  

When the concentration of NaBH4 in the initial seed phase was increased to 10 mM, 

a discernible shift towards lower wavelengths in the absorption peaks was observed 

across all samples, in contrast to the 5 mM samples. Upon further amplification to 20 

mM, the absorption within the nanoparticles substantially diminished in comparison to 

the 5 mM samples. Notably, when the seed sample volume was maintained at 0.20 

mL, a solitary absorption peak manifested, signifying the formation of spherical 

nanoparticles. This phenomenon can be rationalised by the substantial abundance of 

silver seed particles, which reduced the likelihood of silver atoms binding to specific 

growth sites or crystal facets, consequently yielding spherical or quasi-spherical 

nanoparticle configurations.  

As the seed concentration was decreased, two peaks emerged, with the second peak 

exhibiting an elongation in wavelength, indicative of nanorod formation. The maximum 

LSPR peak for the 0.01 mL sample was situated at 580 nm. In comparison to the 5 

mM and 10 mM samples, the absorption at 20 mM was measurably lower. This 

outcome was attributed to the heightened conversion of AgNO3 into seed particles at 

elevated NaBH4 concentrations. The augmented presence of seed particles 

corresponded to an increased number of nucleation sites for silver ions within the 

growth solution to adhere to, thereby producing smaller anisotropic nanoparticles and, 

consequently, lower wavelength absorption. 
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Figure 3.14. UV-Vis spectra of the final nanoparticle growth at different concentrations of 
sodium borohydride in the seed solution. For each concentration, the seed amount was 

varied between 0.01 to 0.2 mL. 

 

3.4.3 Effects of silver nitrate added in growth solution 

The effect of concentration of silver nitrate added into growth solution was 

investigated. Particles were synthesised at four different concentrations of silver 

nitrate: 10, 20, 40, and 50 mM. The concentrations of other reagents were kept 

constant.  

Figure 3.15 shows the optical absorption spectra of the nanoparticles prepared using 

four different concentrations of silver nitrate in growth solution. When the concentration 

was 10 mM, it can be seen that for 0.20- and 0.10-mL seed samples, there was only 

one peak, indicating formation of spherical nanoparticles. The concentration of AgNO3 

in growth solution relative to the seed concentration was lower. Hence when high seed 

concentrations of 0.20 and 0.10 mL were used, there were fewer silver atoms to attach 

to the nucleation sites on seed particles. As the seed concentration was reduced, two 

peaks were observed: the second peak increasing in wavelength, indicating nanorod 

formation. Here, the AgNO3 in growth solution to seed concentration ratio was higher, 

which meant there were enough silver atoms to attach to growth sites on the seed 
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particles and nanorods to form. The highest LSPR peak for 0.01 mL sample was 

centred at 540 nm. Increasing AgNO3 to 20 mM led to a red shift in the absorption for 

all samples.  

When the AgNO3 concentration in growth solution was increased to 40 mM, all the 

samples exhibited two separate peaks. A noteworthy observation was the progressive 

shift of the second peaks toward longer wavelengths as the seed concentration 

decreased, signifying an augmentation in the aspect ratio of the nanorods. Further 

increasing the AgNO3 concentration in the growth solution to 50 mM yielded analogous 

outcomes to those observed in the 40 mM samples. The escalation in AgNO3 

concentration within the growth solution ensured a surplus of silver ions available for 

binding to seed particles, thereby facilitating the formation of lengthier nanorods. This, 

in turn, translated into an enhanced aspect ratio and, consequently, heightened 

absorption at longer wavelengths. Comparing the 0.01 mL seed samples derived from 

growth solutions with 40 mM and 50 mM AgNO3 concentrations, it was evident that 

the LSPR peaks were centred at 660 nm and 680 nm, respectively. From these 

observations, it can be deduced that a higher AgNO3 concentration in the growth 

solution has the capacity to yield nanorods with greater aspect ratios, provided that 

the seed concentration remains diminished, and all other experimental parameters are 

held constant. 
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Figure 3.15. UV-Vis spectra of the final nanoparticle growth at different concentrations of 
AgNO3 in the growth solution. For each concentration, the seed amount was varied between 

0.01 to 0.2 mL. 

 

3.4.4 Effects of surfactant added in growth solution 

The effect of concentration of CTAB in growth solution was investigated. Particles 

were synthesised at four different concentrations of CTAB: 5, 10, 20 and 50 mM. The 

concentrations of other reagents were kept constant.  

CTAB is a surfactant used to direct the growth of silver nanorods in the longitudinal 

axis by forming stable, elongated micelles. In principle, Ag+ in the growth solution 

reacts with Br− (bromine) in CTAB to form AgBr, which adsorbs to the growth sites on 

seed particles [73]. This allows preferential growth in one direction. Figure 3.16 shows 

the optical absorption spectra of the nanoparticles prepared using four different 

concentrations of CTAB in growth solution. For each CTAB concentration, the seed 

concentration was varied between 0.01 – 0.20 mL.  

At a CTAB concentration of 5 mM, the 0.2 mL seed sample exhibited a solitary 

absorption peak, signifying the exclusive presence of spherical nanoparticles. This 

outcome likely stemmed from the elevated seed-to-CTAB ratio, which hindered the 

formation of anisotropic particles. As the seed concentration diminished, two peaks 
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emerged, indicative of the synthesis of nanorods. Among these, the 0.01 mL seed 

sample demonstrated the most significant wavelength absorption, with the LSPR peak 

centred around 650 nm. Elevating the CTAB concentration within the growth solution 

to 10 mM and 20 mM resulted in the absorption of longer wavelengths compared to 

the 5 mM concentration. However, it's worth noting that the secondary peaks were 

broader, suggesting the presence of nanoparticles of varying sizes or shape. It is 

noteworthy that when the CTAB concentration reached 20 mM, both the 0.01 mL and 

0.02 mL samples displayed three peaks: a weak initial peak around 400 nm attributed 

to spherical nanoparticles, a second peak around 540 nm linked to the in-plane 

quadrupole resonance mode, and a third broad peak associated with the in-plane 

dipole resonance mode, indicative of the presence of nanotriangles [219]. Further 

increasing the CTAB concentration within the growth solution to 50 mM resulted in the 

absorption of shorter wavelengths compared to the 5 mM concentration. The LSPR 

peaks were centred around 500 nm, indicating the synthesis of shorter nanorods. 

It was found that 20 mM concentration of CTAB in growth produced longer nanorods. 

The seed concentration to CTAB ratio appeared critical in controlling the nanoparticle 

growth. Another factor that could be co-related alongside the CTAB concentration was 

the existence of AgNO3 in the growth solution. CTAB capped the silver atoms when 

they were reduced by addition of ascorbic acid (AA) and sodium hydroxide. If the 

concentration of CTAB was increased, perhaps the concentration of  AgNO3 should 

also be increased to synthesise longer nanorods.       
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Figure 3.16. UV-Vis spectra of nanoparticles synthesised at different concentrations of CTAB 
in the growth solution. For each concentration, the seed amount was varied between 0.01 to 

0.2 mL. 

 

3.4.5 Effects of ascorbic acid (AA) in growth solution  

The effect of concentration of AA in growth solution was investigated. Particles were 

synthesised at four different concentrations: 50, 100, 200, and 300 mM. The 

concentrations of other reagents were kept constant.  

AA is a weak reducing agent which cannot reduce AgNO3 in growth solution without 

the presence of seeds and NaOH [105]. Figure 3.17 shows the optical absorption 

spectra of the nanoparticles prepared using four different concentrations of ascorbic 

acid in growth solution. When the concentration was 50 mM, there were two peaks for 

all seed concentrations, and the second shifted to higher wavelengths with decreasing 

seed concentration. When the concentration was increased to 100 mM, the secondary 

peaks for all samples shifted to lower wavelengths. This indicated that the 

nanoparticles became smaller. When the size of anisotropic nanoparticles reduced, 

the absorption shifted to lower wavelengths. When the concentration was 200 mM, 

only 0.02 mL seed sample showed two peaks, indicating that there was no growth of 

anisotropic particles in other samples. Increasing the concentration further to 300 mM 
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led to diminishing of the secondary peaks, indicating that most of nanoparticles in all 

samples were isotropic. 

As the concentration of AA in the growth was increased from 50 to 300 mM, the 

general trend in the maximum absorption wavelength band showed a blue shift. This 

may be related to the ratio of AA to NaOH in the growth solution. As the AA 

concentration was increased, so was the AA to NaOH ratio. Due to relatively less 

NaOH concentration, this limited the reduction power of AA to reduce AgNO3 in the 

growth solution to silver ions to form anisotropic nanoparticles [220]. When a higher 

amount of AA was used, NaOH concentration must be also increased to produce 

nanorods.   

 

Figure 3.17. UV-Vis spectra of nanoparticles synthesised at different concentrations of 
ascorbic acid in the growth solution. For each concentration, the seed amount was varied 

between 0.01 to 0.2 mL. 

 

3.4.6 Effects of sodium hydroxide added in growth solution 

The effect of concentration of sodium hydroxide in growth solution was investigated. 

Particles were synthesised at three different concentrations: 0.5, 1 and 2 M. The 

concentrations of other reagents were kept constant.  
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Figure 3.18 shows the optical absorption spectra of the nanoparticles prepared using 

three different concentrations of NaOH added in growth solution. When the 

concentration of NaOH was 0.5 M, all the samples showed only single peaks. This 

indicated that the nanoparticles were spherical in shapes. It was largely due to the fact 

that the pH of the growth solution was relatively low with a value of 6. This meant the 

reduction power of ascorbic acid was rendered, hence no silver ions in growth solution 

were converted to form bigger nanoparticles on to seed particles. Zhong et al. 

concluded from their research on the influence of pH in silver nanoparticle synthesis 

that when the growth solution was acidic, the reduction rate of Ag+ by ascorbic acid 

was too slow to form nanoparticles [221]. The results obtained in the present work 

aligned well with the hypothesis by Zhong et al. 

When the NaOH concentration was elevated to 1 M, all test samples displayed two 

absorption peaks, signifying the formation of nanorods. As the seed volume 

decreased, the secondary peaks exhibited a shift towards longer wavelengths, with 

the most pronounced absorption peak occurring at 650 nm in the case of the 0.01 mL 

sample. The augmentation of NaOH concentration induced a rise in the pH level within 

the growth solution, reaching a pH of 9. This, in turn, enhanced the reducing capacity 

of ascorbic acid, resulting in an increased production of silver ions that subsequently 

attached to the seed particles. Consequently, the aspect ratios of the nanorods varied 

depending on the seed volume.  

Raising the NaOH concentration to 2 M led to a shorter maximum absorption 

wavelength, and the secondary peaks shifted towards shorter wavelengths compared 

to the 1 M concentration. At this higher concentration of 2 M, the pH of the growth 

solution was notably elevated, thereby amplifying the reducing capability of ascorbic 

acid. Consequently, AgNO3 was converted at an accelerated rate, leading to the 

aggregation of nanoparticles and, consequently, a reduction in the aspect ratio of the 

nanorods. These outcomes underscore the significance of manipulating the reducing 

potential of ascorbic acid, modulated by variations in pH within the growth solution, as 

a pivotal determinant in governing the morphology of AgNPs. 
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Figure 3.18. UV-Vis spectra of nanoparticles synthesised at different concentrations of 
NaOH in the growth solution. For each concentration, the seed amount was varied between 

0.01 to 0.2 mL. 
 

3.4.7 Optimisation of reaction conditions in method 1 

From the above experiments, optimal parameters for maximum absorption wavelength 

bands were identified. Three trials were conducted to further identify the optimal 

concentration of each reagent.  

First trial  

Table 3-4 shows the parameters which produced maximum absorption wavelength 

bands in the previous experiments. Nanoparticles were synthesised using these 

parameters and their optical properties were measured. The seed volume was varied 

between 0.01 – 0.2 mL, and two different volumes of NaOH were used.  

Reagent Concentration 

AgNO3 in seed solution 1 mM, 5 mL 

CTAB in seed solution 100 mM, 0.08 mL 

NaBH4 in seed solution 5 mM, 0.6 mL 

CTAB in growth solution 20 mM, 10 mL 

AgNO3 in growth solution 50 mM, 0.25 mL 
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AA in growth solution 100 mM, 0.25 mL 

NaOH in growth solution 1 M, 0.10, or 0.15 mL 

Table 3-4 Parameters used to synthesise nanoparticles in trial 1 

Figure 3.19 shows the absorption spectra of nanoparticles synthesised using 

parameters from the Table 4-1. When the NaOH volume was 0.1 mL, all samples 

showed broad peaks in the near-infrared region. The 0.02 mL seed sample showed 

the maximum absorption band around 1000 nm wavelength. The highest absorption 

exhibited with the 0.05 mL seed samples, having an absorption peak centred around 

950 nm wavelength. As the peaks were broad, it suggested that there were different 

sized nanoparticles in each sample. Where the absorption peak wavelength was 

longer, there were bigger sized nanoparticles in that sample, as observed in previous 

studies [222]. 

When the NaOH volume was set at 0.15 mL, it was observed that the peaks in all the 

samples were well-defined, albeit exhibiting a slight shift towards longer wavelengths 

when compared to samples containing 0.1 mL of NaOH. Notably, the peaks for the 

0.01 mL and 0.02 mL samples exhibited considerable broadening, indicative of a 

significant variance in the sizes and shape of the nanoparticles. As the seed volume 

was reduced from 0.2 mL to 0.05 mL, there was a noticeable trend of the peaks shifting 

towards higher wavelengths. These distinct peaks observed in the 0.2 mL, 0.1 mL, 

and 0.05 mL samples suggested a uniformity in the size of the nanoparticles. The 

experimental conditions employed in this study thus validated the feasibility of 

synthesising silver nanoparticles capable of absorbing light at near-infrared 

wavelengths. Specifically, the optimal volume of NaOH for achieving these outcomes 

was determined to be 0.15 mL, exhibiting a maximum absorption peak at around 1000 

nm. 
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Figure 3.19. Absorption spectra of nanoparticles synthesised using parameters in Trial 1 

Second trial  

A second trial was conducted where the concentrations of CTAB and AgNO3 in the 

growth solution were varied in order to investigate their influence on nanoparticle 

morphology and yield. The volume of CTAB was increased from 10 mL to 15 mL, and 

the concentration of AgNO3 was reduced from 50 mM to 20 mM. The seed volume 

was varied between 0.01 – 0.2 mL. The parameters are given in Table 3-5.  

Reagent Concentration 

AgNO3 in seed solution 1 mM, 5mL 

CTAB in seed solution 100 mM, 0.08 mL 

NaBH4 in seed solution 5 mM, 0.6 mL 

CTAB in growth solution 10 mM, 15 mL 

AgNO3 in growth solution 20 mM, 0.5 mL 

AA in growth solution 100 mM, 0.25 mL 

NaOH in growth solution 1 M, 0.10 mL 

Table 3-5 Parameters used to synthesise nanoparticles in trial 2 

Figure 3.20 shows the absorption spectra of nanoparticles synthesised using 

parameters from table above. All samples exhibited two separate peaks. The first 

weak peaks around 400 nm wavelength were due to presence of spherical 

nanoparticles. The second peaks were due to in-plane dipole resonance mode of 

nanotriangles [219]. The absorption peak’s wavelength increased with decreasing 

seed volume. For the lower seed volumes of 0.01 mL and 0.02 mL, the maximum 

absorption peak was around 1100 nm, albeit the peaks were quite broad. For the 

highest seed volume, the maximum absorption peak was at around 760 nm.  
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Figure 3.21 shows the resulting morphologies of nanoparticles at the two highest and 

two lowest seed volumes. At low seed concentrations, very large triangular and non-

spherical nanoplates were produced, with edges of up to 500 nm long. This explained 

the broad peaks in the absorbance measurement. As the concentration was 

increased, the resulting morphologies were different. As seen from Figure 3.21C, there 

were small spherical nanoparticles, with large triangular nanoparticles, as well as long 

nanorods. When the seed volume was 0.2 mL, nanorods were produced (see Figure 

3.21D) that were shorter than those in the 0.01 mL seed sample.  

 

Figure 3.20. Absorption spectra of nanoparticles synthesised using parameters in Trial 2  

 

Figure 3.21. TEM images of nanoparticles synthesised using parameters in Trial 2. (A) 0.01 
mL seed sample; (B) 0.02 mL seed sample; (C) 0.1 mL seed sample; (D) 0.2 mL seed 

sample 
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Analysis of trial 2 results in context of reference spectra 

Table 3-6 presents the evolution of nanoparticle morphology and LSPR peak position 

as a function of seed volume in Method 1 – trial 2. A clear relationship is observed 

between seed volume, particle shape, and optical properties, which aligns well with 

reference spectra for silver nanoprisms and nanorods. 

Seed volume 

(mL) 

LSPR λ (nm) Dominant 

Morphology 

Size / Aspect 

Ratio 

0.01 >1100 Nanoprisms ~650 nm edge 

length 

0.02 1095 Nanoprisms, 

quasi-shapes 

~340 nm 

average size 

0.10 846 Rods, 

nanoprisms, 

spheres 

Prisms 

~300 nm; Rods 

AR ≈ 9 

0.20 760 Nanorods Rods AR ≈ 5.5 

Table 3-6 Summary of morphological and optical characteristics from Method 1 – Trial 2, 
showing the effect of seed volume on LSPR peak position and nanoparticle shape. 

 

At low seed volumes (0.01–0.02 mL), the UV-Vis spectra exhibited strong LSPR peaks 

beyond 1100 nm, corresponding to large triangular nanoprisms with edge lengths up 

to 650 nm. These results are consistent with the reference spectra (Figure 2.4a), which 

show progressive red-shifting from ~500 to 700 nm as prism size increases from 35 to 

64 nm. The above data extends this trend, confirming that LSPR continues to redshift 

well into the near-infrared with further increases in lateral dimension. 

As the seed volume increased to 0.1 and 0.2 mL, the morphology shifted to rod-

dominant structures, with aspect ratios of 9 and 5.5, and corresponding LSPR peaks 

of 845 nm and 760 nm, respectively. These values align with the reference nanorod 

spectra (Figure 2.4b), where LSPR peaks shift from ~540 to ~650 nm as aspect ratio 

increases from 6 to 15.  

Third trial  

A third trial was conducted where the CTAB in the growth solution was varied. The 

volume of CTAB was increased from 10 mL to 15 mL, and the concentration of AgNO3 
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was reduced from 50 mM to 20 mM. The seed volume was varied between 0.01 – 0.2 

mL. The synthesis parameters are given in Table 3-7. 

Reagent Concentration 

AgNO3 in seed solution 1 mM, 5mL 

CTAB in seed solution 100 mM, 0.08 mL 

NaBH4 in seed solution 5 mM, 0.6 mL 

CTAB in growth solution 100 mM, 10 mL 

AgNO3 in growth solution 20 mM, 0.25 mL 

AA in growth solution 100 mM, 0.5 mL 

NaOH in growth solution 1 M, 0.10 mL 

Table 3-7 Parameters used to synthesise nanoparticles in trial 3 

Figure 3.22 shows the absorption spectra of nanoparticles synthesised using 

parameters from the table above. Again, the peaks showed that the surface plasmon 

response of nanoparticles depended on the seed volume. The maximum absorption 

band was red-shifted as the seed concentration was reduced. For the lowest seed 

concentrations of 0.01 and 0.02 mL, the peaks were broad and centred around 950 

nm wavelength.  

 

Figure 3.22. Absorption spectra of nanoparticles synthesised using parameters in Trial 3 

Figure 3.23 shows the corresponding nanoparticle morphologies for these two 

samples. The nanoparticle shapes ranged from very large hexagonal to smaller 
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triangular nanoplates, and smaller nanorods. The variations in size and shape were 

the main cause for the peaks to be broad for these two samples.  

The three samples, each prepared with seed volumes of 0.05 mL, 0.1 mL, and 0.2 mL, 

exhibited the presence of two discernible peaks, indicative of nanorod growth. Among 

these samples, the 0.05 mL sample displayed the highest absorption peak, with the 

peak centring at 770 nm. As the seed volume was increased to 0.1 mL and 0.2 mL, a 

noticeable reduction in the height of the absorption peaks was observed, concomitant 

with a significant broadening of the two peaks. This reduction was directly proportional 

to the decrease in the aspect ratio of the nanorods. Figure 3.23C and D depict TEM 

images of the nanoparticles in these two samples. These images reveal the presence 

of nanorods in both samples, along with smaller non-spherical nanoparticles. In the 

case of the 0.1 mL sample, the nanorods exhibited a length ranging between 300 to 

400 nm, while in the 0.2 mL sample, they were notably shorter. This observation 

substantiates the redshift of the absorption band in the 0.1 mL sample when compared 

to the 0.2 mL sample. 

 

Figure 3.23. TEM images of nanoparticles synthesised using parameters in trial 3. (A) 0.01 
mL seed sample; (B) 0.02 mL seed sample; (C) 0.1 mL seed sample; (D) 0.2 mL seed 

sample 
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Comparison of method 1 with reference spectra  

In order to assess how seed volume influences nanoparticle shape and optical 

properties, three trials from Method 1 using 0.1 mL of seed solution were compared 

with a literature reference (Figure 3.4 in which silver nanorods with an aspect ratio of 

approximately 15 produced a longitudinal LSPR peak at 650 nm. This reference 

provides a baseline for understanding how variations in morphology and size affect 

plasmonic behaviour. Please see table below for the comparison: 

Source LSPR λ (nm) Morphology Aspect Ratio / Size 

Literature (ref) 650 Nanorods AR ≈ 15 

Trial 1 870 Not determined Unknown 

Trial 2 846 Rods, prisms, 

Spheres 

Rods AR ≈ 9; Prisms 

~300 nm 

Trial 3 675 Rods, quasispheres Rods AR ≈ 5 

Table 3-8 Comparison of UV-Vis LSPR peak positions and nanoparticle morphologies 
obtained using 0.1 mL seed volume in three experimental trials (Method 1), against a 

reference silver nanorod sample reported in literature.  
 

In Trial 1, the LSPR peak was observed at 870 nm, notably redshifted relative to the 

reference. Although the morphology was not explicitly determined by TEM for this 

sample, the significant shift suggests the presence of either higher-aspect-ratio rods 

or large planar structures such as nanoprisms, both of which are known to drive LSPR 

features into the near-infrared. The broad, high-wavelength response is characteristic 

of anisotropic and potentially mixed particle populations. 

Trial 2 confirmed a heterogeneous morphology, consisting of nanorods (AR ~9), 

triangular nanoprisms (~300 nm edge length), and smaller spherical particles. The 

resulting LSPR peak at 846 nm supports a composite plasmonic response, where the 

longer-wavelength contributions from nanoprisms dominate the spectrum, with 

additional influence from nanorods and scattering from spheres. This result is 

consistent with both experimental literature and theoretical models that predict strong 

redshifts in the presence of large planar nanostructures. 
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In contrast, Trial 3 yielded a cleaner nanorod-dominant morphology, with rods having 

an average aspect ratio of ~5, accompanied by a small fraction of quasispherical 

particles. The LSPR peak for this trial, 675 nm, is the closest match to the literature 

reference of 650 nm, although the observed aspect ratio is significantly lower. This 

apparent discrepancy is likely due to variations in synthesis conditions, dielectric 

environment, and particle distribution—all factors that can subtly shift the resonance. 

3.4.8 Stability testing 

To assess the durability of the nanoparticles over time, a specimen underwent an 

absorption assessment following a 12-week storage period, juxtaposed with the initial 

measurement of a freshly prepared sample. During this 12-week duration, the sample 

was stored at room temperature, shielded from exposure to light. In Figure 3.24, the 

absorption spectra for both measurements are presented. The findings revealed a 

subtle adjustment towards a marginally shorter wavelength (from 806 nm to 804 nm), 

accompanied by a slight elevation in the absorption peak height (from 1.3 to 1.4). 

These observations suggest that the nanoparticles exhibited a reasonably stable 

behaviour under standard ambient conditions. 

 

Figure 3.24. UV-vis absorption spectra of nanoparticles measured 12 weeks apart 
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3.5 Batch synthesis using method 2  

In this method, trisodium citrate (TSC) capped silver seed particles were used to 

produce anisotropic nanoparticles. This method was initially developed by Jana et el., 

part of the Murphy group [64]. The concentrations of reagents in the seed phase as 

well as growth phase were varied separately to study the optical properties of silver 

nanoparticles.  

The seed particles were prepared by reducing AgNO3, mixed with an aqueous solution 

of TSC, using NaBH4 as the reducing agent to ensure the complete reduction of Ag+. 

A colour change was observed within 1 minute from a clear solution to yellow, 

indicating the formation of spherical silver nanoparticles. The colloidal solution was 

covered with aluminium foil and kept out of light for 2 hours before being used.     

This seed solution was then further used without any purification to produce secondary 

nanoparticles. For each seed solution, five  sets of growth solutions were made. Each 

set contained the surfactant CTAB, AgNO3 and ascorbic acid. Then the seed solution 

was added in varied amounts. Lastly, a solution of NaOH was added. Within a few 

minutes, the colour of each set changed according to the seed amount. All the samples 

were purified using centrifugation due to high amount of CTAB.   

     

3.5.1 Influence of silver nitrate added in seed solution  

The effect of concentration of silver nitrate in seed solution was investigated. Seed 

particles were synthesised at four different concentrations of silver nitrate: 0.25, 0.5, 

1.0 and 2.0 mM. The concentrations of other reagents were kept constant. Below, the 

effect on seed particles and final particle growth is discussed. 

Effect on seed particles 

Figure 3.25 shows the UV-Vis absorption spectra of seed particles prepared at 

different concentrations of silver nitrate. The absorbance peak increased as the 

concentration of silver nitrate increased. The results showed that the positions of all 

the four peaks were between wavelengths of 380 - 400 nm. It was observed that at a 

concentration of 0.5 mM (blue curve), the absorbance was around 0.13, whereas 

increasing the concentration to 2 mM (yellow curve) led to increased absorbance.  
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Generally, the LSPR peak shifted to lower wavelength with increasing silver nitrate 

concentration and became narrow. At 2 mM concentration of AgNO3 the LSPR peak 

was at 380 nm. This indicated a change in the size of nanoparticles, suggesting that 

they became smaller in size. The narrowing of the peak implied a better degree of the 

size distribution, whereas a broader peak implied that there were different sized 

nanoparticles. The exact size of these seed particles was difficult to be measured as 

it was limited by the available TEM resolution. However, based on the previous study 

by Jana et al. [64], it was still possible to estimate that these seed particles were about 

4-5 nm in diameter.     

 

Figure 3.25. UV-Vis spectra of silver seed particles obtained at 0.25, 0.50, 1.0 and 2.0 mM of 
silver nitrate 

 

Influence silver nitrate added in seed solution on final particle growth 

Figure 3.26 shows the optical absorption spectra of the nanoparticles prepared using 

four different concentrations of silver nitrate added in seed solution. Different seed 

amounts in the growth solution were used to prepare nanoparticles. 

All samples for each concentration showed very broad absorption peaks. For the 0.25 

mM concentration, the 0.1 mL and 0.2 mL showed broad absorbance peaks, indicating 

presence of various sized anisotropic nanoparticles. When the concentration of AgNO3 

in seed solution was increased to 0.50 mM, the highest seed volume of 0.5 mL showed 

a narrow second peak centred at 740 nm. This indicated the presence of uniform sizes 

anisotropic nanoparticles. The peaks for 0.2 mL, 0.1 mL and 0.05 mL samples were 
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very broad, indicating nanoparticles of varying sizes. Increasing the concentration of 

AgNO3 in seed solution further to 1 mM led to similar results to the 0.50 mM samples. 

At the highest concentration of AgNO3 in seed solution of 2 mM, all samples showed 

clear peaks around 400 nm, without clear second peaks, except for the 0.5 mL sample. 

This indicated that no anisotropic nanoparticles were formed. The 0.5 mL sample 

showed a weak second peak around 780 nm, indicating the presence of some 

nanorods. From these results, it is concluded that concentrations of 0.5 and 1 mM 

AgNO3 in seed solution produce  nanoparticles with higher absorbance compared to 

the other two concentrations. The seed volume should be 0.2 mL and higher to 

produce anisotropic nanoparticles.    

 

Figure 3.26. UV-Vis spectra of the final nanoparticle growth at different concentrations of 
silver nitrate in the seed solution. For each concentration, the seed amount was varied 

between 0.025 to 0.5 mL. 

 

3.5.2 Effects of silver nitrate added in growth solution 

The effect of concentration of silver nitrate in growth solution was investigated. 

Particles were synthesised at three different concentrations of silver nitrate: 10, 20, 

and 40 mM. The concentrations of other reagents were kept constant. Below, the 

effect on particle growth is discussed. 
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Figure 3.27 shows the optical absorption spectra of the nanoparticles prepared using 

three different concentrations of silver nitrate in growth solution. When the 

concentration was 10 mM, for 0.50- and 1.0-mL seed samples, there was a main peak 

around 540 nm with a shouldered peak. This indicated that nanoparticles were not 

fully isotropic, which could be very short nanorods or non-spheroids. For the 0.25 mL 

and 0.1 mL samples, two weak peaks were observed: one around 400 nm and the 

other 600 nm, indicating the presence of some nanorods.  

Elevating the AgNO3 concentration to 20 mM resulted in an augmentation of 

absorbance in comparison to the 10 mM samples, accompanied by a noticeable red-

shift in the positions of the absorption peaks. The 0.5 mL sample distinctly displayed 

a second peak centred at 720 nm, while the lower three seed samples exhibited broad 

peaks extending into the near-infrared region. The 0.25 mL sample (denoted by the 

grey peak) featured a broad peak spanning from 950 to 1000 nm, signifying the 

presence of some anisotropic nanoparticles. 

Upon further increasing the AgNO3 concentration in the growth solution to 40 mM, 

both the 0.5 mL and 1.0 mL samples exhibited dual, separate peaks. These secondary 

peaks exhibited a lengthening of wavelengths with diminishing seed concentration, 

indicative of an increase in the aspect ratio of the nanorods. Notably, the absorption 

peak shifted towards shorter wavelengths in comparison to the 20 mM samples, while 

the absorption peak itself intensified. The second peak in the 0.5 mL sample appeared 

relatively narrow, suggesting the presence of monodispersed nanorods. However, the 

0.05 mL sample failed to exhibit a distinct peak, implying the absence of nanoparticle 

formation. 

The escalation in AgNO3 concentration within the growth solution translated to a 

surplus of silver ions available for attachment to seed particles, fostering the formation 

of elongated nanorods with heightened aspect ratios and, consequently, absorption of 

longer wavelengths. It is evident that higher AgNO3 concentrations in the growth 

solution have the potential to yield nanorods with greater aspect ratios, provided the 

seed concentration is reduced and other experimental parameters remain constant. 

Additionally, a seed concentration greater than 0.25 mL is necessary to produce 

anisotropic nanoparticles using this method. 
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Figure 3.27. UV-Vis spectra of the final nanoparticle growth at different concentrations of 
AgNO3 in the growth solution. For each concentration, the seed amount was varied between 

0.05 to 1.0 mL. 

 

3.5.3 Effects of CTAB added in growth solution 

The effect of CTAB concentration of in growth solution was investigated. Particles 

were synthesised at three different concentrations of CTAB: 50, 80 and 100 mM. The 

concentrations of other reagents were kept constant. Below, the effect on particle 

growth is discussed. 

Figure 3.28  displays the optical absorption spectra of nanoparticles synthesised using 

varying concentrations of CTAB within the growth solution. In each case of CTAB 

concentration, the seed concentration was adjusted within the range of 0.05 mL to 1.0 

mL. In instances where a 50 mM CTAB concentration was employed, all samples 

exhibited a predominant absorption peak within the wavelength range of 400 to 450 

nm, accompanied by a secondary, somewhat subdued peak. Notably, the lowest seed 

sample of 0.05 mL exhibited a sole absorption peak at approximately 500 nm, 

indicative of the nanoparticles assuming a spherical morphology. This occurrence 

suggests that the CTAB concentration was sufficiently high to inhibit the formation of 

anisotropic particles. As the seed concentration was progressively increased, the 
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absorption spectra displayed two peaks, signifying the initiation of nanorod formation. 

The second peak demonstrated a trend towards shorter wavelengths with the 

incremental increase of seed volume, ranging from 0.1 mL to 1 mL. Remarkably, the 

0.2 mL seed sample manifested the most extensive absorption in terms of wavelength, 

with the LSPR peak centring around 670 nm. 

Upon elevating the CTAB concentration within the growth solution to 80 mM, the 

highest seed samples demonstrated an increase in the peak with the highest 

absorbance in comparison to the 50 mM CTAB concentration. Specifically, when 

scrutinising the 0.5 mL samples under both 50 mM and 80 mM CTAB concentrations, 

it becomes evident that the secondary peak exhibited a redshift, transitioning from 640 

nm to 700 nm. This observation signifies the extension of nanorods when the CTAB 

concentration was heightened. In contrast, for the 0.05 mL and 0.1 mL samples, no 

distinct peaks were discernible, suggesting the absence of nanoparticle formation. 

Meanwhile, the 0.25 mL sample exhibited a broad peak spanning the range of 950 to 

1000 nm, indicative of the presence of certain anisotropic nanoparticles. 

Increasing the concentration of CTAB in growth solution further to 100 mM resulted in  

shorter wavelengths being absorbed compared to the 80 mM concentration. However, 

all samples showed (weak) second peaks. The 0.5 mL sample had an LSPR peak 

centred around 600 nm, indicating synthesis of short nanorods. Since the three 

concentrations of CTAB in growth solution in this method produced much lower 

number of nanoparticles, it was recommended that lower concentrations of CTAB 

might be favourable for nanoparticle growth. 
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Figure 3.28. UV-Vis spectra of nanoparticles synthesised at different concentrations of CTAB 
added in the growth solution. For each concentration, the seed amount was varied between 

0.05 to 1.0 mL. 

 

3.5.4 Effects of ascorbic acid (AA) added in growth solution 

The effect of concentration of AA in growth solution was investigated. Particles were 

synthesised at three different concentrations: 50, 100, and 200 mM. The 

concentrations of other reagents were kept constant.  

Figure 3.29 shows the optical absorption spectra of nanoparticles synthesised 

employing three distinct concentrations of ascorbic acid (AA) introduced into the 

growth solution. At a 50 mM AA concentration, all seed concentrations exhibited two 

peaks, with the second peak shifting towards longer wavelengths as the seed 

concentration decreased. Upon elevating the AA concentration to 100 mM, the 

secondary peaks in all samples underwent a shift towards shorter wavelengths, 

signifying a reduction in nanoparticle size. This alteration in size was attributed to a 

decrease in nanorod length, consequently diminishing the aspect ratio and causing 

absorption to shift towards shorter wavelengths. Upon further amplifying the AA 

concentration to 200 mM, only the 0.02 mL seed sample displayed dual peaks, 

indicating the absence of anisotropic particle growth in the other samples. A 

subsequent increase in concentration to 300 mM resulted in a diminishing of the 
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secondary peaks, suggesting that most nanoparticles in all samples assumed an 

isotropic configuration. 

As the concentration of AA in the growth was increased from 50 to 200 mM, the 

general trend in the position of absorption bands showed a blue-shift. As mentioned 

in Method 1, this may be related to the ratio of AA to NaOH in the growth solution. As 

the AA concentration was increased, so was the AA to NaOH ratio. Due to relatively 

less NaOH concentration, this limited the reduction power of AA to reduce AgNO3 in 

the growth solution to silver ions to form anisotropic nanoparticles [220]. When a 

higher amount of AA was used, NaOH concentration needed to be also increased to 

produce nanorods.   

 

Figure 3.29. UV-Vis spectra of nanoparticles synthesised at different concentrations of 
ascorbic acid in the growth solution. For each concentration, the seed amount was varied 

between 0.05 to 1.0 mL. 

 

3.5.5 Effects of sodium hydroxide added in growth solution 

The effect of concentration of sodium hydroxide in growth solution was investigated. 

Particles were synthesised at three different concentrations: 0.5, 1 and 2 M. The 

concentrations of other reagents were kept constant.  
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Figure 3.30 shows the optical absorption spectra of the nanoparticles prepared using 

three different concentrations of NaOH added in growth solution. When the 

concentration of NaOH was 0.5 M, the lowest two seed samples showed no clear 

peaks. This indicated that there less nanoparticles formed. It may also result from the 

nanoparticles agglomerated. The 0.25 mL and 0.5 mL samples showed peaks at 

around 400 nm, indicating the presence of spherical nanoparticles. The results from 

this experiment were similar to that from Method 1. When the growth solution had a 

low pH (around 6), the reducing ability of ascorbic acid was diminished. As a result, 

no silver ions in growth solution were converted to form bigger nanoparticles on to 

seed particles. 

Upon elevating the NaOH concentration to 1 M, there was a notable increase in the 

LSPR effect across all samples. The most extensive absorption wavelength, 

measuring ~1000 nm, was observed in the 0.25 mL sample. However, the peak 

displayed significant breadth, suggesting the presence of nanoparticles with varying 

sizes. Additionally, the 0.50 mL and 1.0 mL samples exhibited secondary peaks at 620 

nm and 700 nm, respectively. The increase in NaOH concentration resulted in an 

elevated pH level within the growth solution, which, in turn, amplified the reducing 

capacity of ascorbic acid (AA). Consequently, this increase in reducing power led to 

the generation of more silver ions, which subsequently attached to the seed particles, 

yielding nanoparticles of differing sizes contingent upon the seed volume. Further 

raising the NaOH concentration to 2 M led to a reduction in absorption. Moreover, the 

secondary peaks shifted towards shorter wavelengths in contrast to the 1 M 

concentration. At this heightened concentration of 2 M, the pH within the growth 

solution reached notably elevated levels, thereby elevating the reduction capability of 

AA. This, in turn, accelerated the conversion of AgNO3 and resulted in nanoparticle 

aggregation, ultimately culminating in a reduction in nanoparticle size. 
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Figure 3.30. UV-Vis spectra of nanoparticles synthesised at different concentrations of 
NaOH in the growth solution. For each concentration, the seed amount was varied between 

0.05 to 1.0 mL. 

 

3.5.6 Trialling optimal parameters in method 2  

From the above experiments, optimal reaction conditions and parameters for longest 

absorption wavelength bands were identified. Three trials were conducted to further 

identify the optimal concentration of each reagent.  

Table 3-9 shows the parameters which produced maximum absorption wavelength 

bands in the previous experiments. Nanoparticles were synthesised using these 

parameters and their optical properties were measured. The seed volume was varied 

between 0.01 – 0.2 mL.  
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Reagent Concentration 

AgNO3 in seed solution 1 mM 

TSC in seed solution 1 mM 

NaBH4 in seed solution 10 mM, 0.6 mL 

CTAB in growth solution 100 mM, 10 mL 

AgNO3 in growth solution  20 mM, 0.25 mL 

AA in growth solution 100 mM, 0.25 mL 

NaOH in growth solution 1 M, 0.10, 0.15 mL 

Table 3-9 Optimal parameters used to synthesis nanoparticles in Method 2 

Figure 3.31 shows the absorption spectra of nanoparticles synthesised using the 

parameters from Table 44. All samples, apart from 0.2 mL, exhibited broad peaks, 

indicating polydisperse nanoparticles. The maximum absorption wavelength band red-

shifted with decreasing seed volume. For the lower seed volumes of 0.01 mL and 0.02 

mL, the maximum absorption wavelength band was around 1100 nm. Figure 3.32 

shows the resulting morphologies of nanoparticles for the 0.01 mL sample. The 

shapes were mainly large hexagonal nanoparticles with some windmill-shaped 

nanoparticles, as shown in Figure 3.32B. 

For 0.05 mL and 0.1 mL samples, the maximum absorption wavelength band was 

located between 1000 -1100 nm. For the highest seed volume of 0.2 mL, the maximum 

absorption wavelength band was around 780 nm. Figure 3.32D shows the formation 

of nanorods, ranging between 300 – 600 nm in length. For seed concentrations 

between 0.01 – 0.05 mL, very large hexagonal and non-spherical nanoplates in 

varying sizes were produced. This was the main reason to cause the broad 

absorbance peaks in the optical measurement. The LSPR peak for the 0.2 mL sample 

was narrow, indicating relatively lower polydispersity. For this method, high seed 

concentrations were favourable to synthesise nanorods that can absorb light between 

700-800 nm wavelengths.    
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Figure 3.31. Absorption spectra of nanoparticles synthesised using optimal parameters in 
Method 2 

 

Figure 3.32. TEM images of nanoparticles synthesised using parameters in Method 2. (A) & 
(B) 0.01 mL seed sample; (C) 0.05 mL seed sample; (D) 0.2 mL seed sample 

 

Analysis of Method 2 results in context of reference spectra 

To evaluate the evolution of particle morphology and plasmonic response under 

different seeding conditions, the results of Optimised Method 2 were compared with 
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the well-established work of Murphy et al., who used a seed-mediated growth method 

with varying seed volumes. These are summarised below. In Murphy’s study, the 

LSPR peak progressively redshifted from 525 nm to 610 nm as seed volume 

decreased from 0.25 mL to 0.06 mL, with a corresponding change in rod aspect ratio 

(Figure 3.5). Although exact AR values were not given for most data points, an AR of 

approximately 3.5 was reported for the lowest seed volume, correlating with the 

610 nm peak. 

Source Seed Volume 

(mL) 

LSPR λ (nm) Morphology Size / Aspect Ratio 

Murphy et al. 0.25 525 Rods AR: not specified 

Murphy et al. 0.125 580 Rods AR: not specified 

Murphy et al. 0.06 610 Rods AR ≈ 3.5 

Optimised 

Method 2 

0.2 785 Rods AR ≈ 4.5 

Optimised 

Method 2 

0.05 1100 Hexagons ~1200 nm diameter 

Optimised 

Method 2 

0.01 1100 Hexagons and 

Nanowindmills 

Hexagons 

~1200 nm; Windmills 

~800 nm 

Table 3-10 Comparison between LSPR responses and morphologies of silver nanoparticles 
synthesised using Optimised Method 2 and the reference method by Murphy et al. [64]. Both 
methods varied seed volume while maintaining similar growth conditions. Observed LSPR 

wavelengths and particle morphologies are presented along with known size or aspect ratio 
data where available. 

 

In contrast, Optimised Method 2 produced a significantly more pronounced redshift in 

LSPR wavelength with decreasing seed volume. At 0.2 mL, the LSPR was observed 

at 785 nm, associated with well-defined nanorods having an aspect ratio of ~4.5—

already significantly higher than the 610 nm peak in Murphy’s method for a 

comparable morphology. This indicates that the modified growth conditions in 

Optimised Method 2 result in more anisotropic rod formation, or alternatively, produce 

rods with larger diameters that shift the LSPR more strongly into the NIR. 

Strikingly, at even lower seed volumes (0.05 and 0.01 mL), the morphology shifted 

entirely from rods to non-rod anisotropic structures—notably hexagonal plates 

(~1200 nm) and nanowindmills (~800 nm). The observed LSPR peaks at 1100 nm in 
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both cases are consistent with such high-aspect-ratio planar geometries, and lie well 

beyond the range reported in Murphy’s original rod-focused experiments [195]. 

 

3.6 Comparison of batch synthesis methods: method 1 vs method 2 

A comparative analysis of the results from Method 1 (Rekha) and Method 2 (Murphy) 

offers valuable insight into how differences in seed preparation and growth solution 

chemistry influence the morphology and optical behaviour of silver nanoparticles. Both 

methods are rooted in seed-mediated synthesis but diverge significantly in reagent 

composition, seed capping agents (CTAB vs TSC), and final particle outcomes. 

In Method 1, CTAB-capped silver seeds and a growth solution containing CTAB, 

AgNO₃, AA, and NaOH produced a diverse range of anisotropic nanostructures. 

Varying seed and silver nitrate concentrations led to the formation of nanoprisms, rods, 

and quasispherical nanoparticles, with LSPR peaks ranging from 560 nm to over 

1100 nm. Notably, low seed volumes and low AgNO₃ concentrations promoted large 

triangular prisms, while higher concentrations of silver nitrate and seed volumes 

produced shorter nanorods with lower LSPR peaks (e.g., 685 nm for rods with AR ≈ 

3.2 at 20 mM AgNO₃). The highest LSPR peak (~1100 nm) was achieved using just 

0.01 mL seed and large planar structures, confirming that large lateral dimensions and 

reduced nucleation densities favour longer-wavelength plasmon modes. 

In contrast, Method 2, which used TSC-capped seeds and growth solutions rich in 

CTAB (up to 100 mM), generally produced less diverse morphologies, favouring 

nanorods and hexagonal plates. At higher seed volumes (0.2 mL), LSPR peaks were 

observed around 780–785 nm, corresponding to nanorods with AR ≈ 4.5. However, at 

lower seed volumes (0.05–0.01 mL), very large hexagonal and windmill-shaped 

nanoplates formed, yielding broad LSPR peaks centred near 1100 nm. These 

structures are rare in the Murphy framework and suggest that under certain modified 

conditions, even TSC-capped seeds can support the formation of planar geometries. 

However, overall, Method 2 demonstrated greater sensitivity to reagent balance, often 

producing polydisperse or aggregated nanoparticles at lower CTAB or NaOH levels. 

Comparing both methods, Method 1 provided superior morphological tunability and 

clearer structure-to-spectra correlations. The presence of well-defined prisms and 
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high-aspect-ratio rods allowed controlled tuning of LSPR between 500 and 1100 nm. 

Method 2, while capable of reaching similar LSPR values, showed greater variability 

and lower reproducibility, especially at low seed concentrations. Additionally, the use 

of static precipitation in Method 1 facilitated the isolation of specific morphologies, 

whereas Method 2 relied on centrifugation, which may have contributed to sample 

variability. 

 

3.7 Conclusions  

In this Chapter, two seed-mediated techniques were employed to synthesise silver 

nanoparticles with the objective of enabling absorption of near-infrared light 

wavelengths. A systematic modulation of parameters within both the seed phase and 

growth phase was undertaken. Subsequently, the nanoparticles were meticulously 

characterised through the utilisation of optical spectroscopy and transmission electron 

microscopy.  

The outcomes derived from both methodologies revealed that the concentration of 

each reagent played a pivotal role in governing the synthesis of nanoparticles. The 

modulation of reagent concentrations within the seed phase had a discernible impact 

on the characteristics of the seed particles themselves. Consequently, the subsequent 

nanoparticle morphologies exhibited pronounced diversity contingent upon the nature 

of these initial seed particles. The size of the nanoparticles was found to exhibit a 

substantial reliance on the quantity of seed material introduced into the growth 

solution. In instances where the seed concentration was exceptionally low, 

nanoparticles with varied shapes such as triangles and hexagons, along with other 

non-spherical forms, emerged. These particular nanoparticles displayed absorption 

peaks of notable breadth, situated within the wavelength range of 900 to 1100 nm. 

Conversely, when the seed concentration was heightened, nanorods were the 

predominant configuration. The absorption spectra of these nanorods encompassed 

wavelengths spanning from 550 to 950 nm, with the specific range being contingent 

upon the aspect ratio. 

In the growth medium, an increase in the concentration of silver nitrate was found to 

promote the generation of nanorods with higher aspect ratios, consequently resulting 

in the absorption of longer wavelengths. Moreover, the concentration of CTAB played 
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a significant role in influencing the development of anisotropic nanoparticles. The 

utilisation of exceedingly high CTAB concentrations in the second method led to less 

nanoparticle synthesis as evidenced from the absorbance spectra. Ascorbic acid, 

although a relatively weak agent, exerted an influence on nanoparticle growth. 

Furthermore, its reduction potential was contingent upon the concentration of NaOH. 

In instances where NaOH concentrations were lower, corresponding to a lower pH, 

the reduction capacity of ascorbic acid was impeded, leading to the absence of 

anisotropic nanoparticles. Conversely, in situations involving markedly higher NaOH 

concentrations, associated with a higher pH, the reduction potency of ascorbic acid 

was augmented. 

The most favourable parameters for both methodologies were determined and 

subsequently employed for nanoparticle synthesis. In summary, Method 1 yielded 

nanoparticles with enhanced absorption characteristics, particularly in the longer 

wavelengths within the near-infrared spectrum. Building upon these optimised 

parameters, a continuous flow system, could be devised for the continuous and 

efficient production of nanoparticles. 
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Chapter 4 Flow Synthesis Experiments 

Chapter overview 

This chapter focused on the flow synthesis of silver nanoparticles, highlighting the shift 

from traditional batch production methods to more efficient continuous flow systems. 

This transition was driven by the need for scalable production that can meet the rising 

demand in fields like nanotechnology. Flow synthesis offers several advantages over 

batch processes, including enhanced operational efficiency, minimal waste, and more 

controlled reaction conditions. Four different designs and configurations were studied 

using standard and 3D-printed components. Following testing of the different designs, 

the optimal synthesis was carried out using two designs.   

4.1 Justification of reactor design choices and iterative development 

strategy 

The selected size regime for continuous flow synthesis significantly influences mixing 

efficiency, reaction kinetics, and scalability. Microfluidic systems (≤100 µm channels) 

provide precise reaction control but suffer from clogging when handling metallic 

nanoparticles, limiting their long-term feasibility [223]. Additionally, their low 

throughput makes industrial scaling difficult. On the other hand, cm-scale batch 

reactors often result in poor mixing, broad particle size distributions, and reduced 

reproducibility due to concentration gradients [224]. 

Milli-fluidic systems (100 µm–1 mm channels) offer a balance between reaction control 

and scalability [225]. They enable higher flow rates while maintaining monodispersity 

and reduce clogging risks. Furthermore, milli-fluidic reactors facilitate continuous 

production, improving nanoparticle uniformity and ensuring efficient material usage. 

Due to these advantages, milli-fluidic systems were chosen as the optimal regime for 

continuous flow synthesis of silver nanorods. [224] 

The use of tubular systems was chosen over on-chip microfluidics to allow modularity, 

ease of prototyping with 3D-printed components, and flexibility in modifying 

parameters such as flow path length, internal volume, and residence time [226]. 

Tubular reactors are also more adaptable to high-throughput synthesis and scaling 

without introducing complex fabrication constraints . Moreover, this architecture allows 

integration of commercial connectors and fittings, reducing system costs and 
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complexity during iterative development. Additionally, modular tubular reactor designs 

facilitate inline monitoring, allowing real-time process adjustments to improve reaction 

efficiency. Conversely, on-chip microfluidic systems provide high control over reaction 

kinetics but are difficult to scale due to their low throughput [224]. Given these 

limitations, a tubular milli-fluidic reactor was selected to balance controlled synthesis 

and scalability. 

Each subsequent iteration of the flow reactor design was guided by systematic 

evaluation of synthesis outcomes – primarily nanoparticle size, shape uniformity, and 

NIR absorption characteristics. Modifications included changes to the number of inlets, 

geometry of mixing regions (e.g., Y vs. T junctions), use of 3D-printed static mixers, 

and varying residence time through tubing length or flow rate. These refinements were 

informed by performance metrics obtained in prior designs, with the goal of enhancing 

nanorod yield and stability. The iterative nature of design allowed for rapid feedback 

between experimental results and reactor tuning, essential for optimisation of 

anisotropic silver nanorod synthesis under continuous flow . 

4.2 Materials and reagent preparation steps used in all flow synthesis 

experiments 

4.2.1 List of the components: 

1. Syringe Pumps: syringe pumps were employed to control the flow rates of the 

different reagents. Syringe pumps were selected for their ability to deliver 

precise and consistent flow rates, ensuring accurate mixing and reaction 

control. Syringe pumps included WPI (AL-1010) and Harvard Apparatus 

Pump33. 

2. Syringes: two sizes of syringes were used to contain the reagents. Syringes 

included: 1. Disposable2-norm-ject ® parts 20ml (24ml) luer lock needle-free 

sterile syringe; 2. Disposable2-norm-ject ® parts 10ml (12ml) luer lock needle-

free sterile syringe. The 20 mL syringe was used to hold growth solutions and 

10 mL to hold seed and NaOH solutions. These were purchased from VWR. 

3. PTFE Tubing: PTFE (Polytetrafluoroethylene) tubing was used for its excellent 

chemical resistance and minimal reactivity with a wide range of substances. 

The tubing connects the syringe pumps to connectors and facilitates the 
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transport of reagents from the pumps to the mixing point. Tubing was 

purchased from Merck. Tubing diameters were 0.2 mm and 0.5 mm. 

4. Reactors:  reactors were used to merge the flows of different reagents into a 

single stream, enabling efficient mixing within the reactor. Standard y-type (Idex 

P-512) and t-type (IDEX P-632) reactors were purchased from Cole Parmer. 

Others were designed and 3D-printed on campus. 

5. Luer lock connectors: connectors to join tubing to syringes and reactors. These 

included Idex P-628 threaded luer adapter, Idex P-678 threaded luer adapter 

and Idex XP-218X flangeless fitting. All connectors had UNF 1/4-28 thread size. 

These were purchased from Cole Parmer.  

4.2.2 List of reagents used in all flow synthesis experiments 

Silver nitrate (AgNO3, 99.995%), cetyltrimethylammonium bromide (CTAB, 99%), 

sodium borohydride (NaBH4, 99%), L-ascorbic acid (AA, 99%) and sodium hydroxide 

(NaOH, 99%) were purchased from Fisher Scientific and Sigma Aldrich and used 

without further purification. Millipore water was used for the synthesis. All glassware 

was washed with detergent, thoroughly rinsed with double distilled water, and dried 

prior to usage. 

Preparations of reagents 

Reagent concentrations were selected from optimised method 1 parameters in batch 

synthesis (Table 3-4). These are given below: 

Reagent Concentration 

AgNO3 in seed solution 1 mM, 5 mL 

CTAB in seed solution 100 mM, 0.08 mL 

NaBH4 in seed solution 5 mM, 0.6 mL 

CTAB in growth solution 20 mM, 10 mL 

AgNO3 in growth solution 50 mM, 0.25 mL 

AA in growth solution 100 mM, 0.25 mL 

NaOH in growth solution 1 M, 0.10, 

Table 4-1. Reagent concentrations used in the flow synthesis experiments  

To prepare silver seed particles, an aqueous solution containing AgNO3 and CTAB 

were mixed in a 50 mL round-bottom flask. Next, NaBH4 (reducing agent) solution was 
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injected into the solution all at once while stirring at high speed (600 rpm). The colour 

of solution changed to light yellow. This solution was only used between 2-5 hours 

after synthesis.  

For the growth solution, first an aqueous solution containing CTAB was prepared. This 

solution was heated to 35 °C while stirring to dissolve the CTAB and used after cooling 

to room temperature. CTAB solution was added to a glass vial (15 mL). Next, AgNO3 

and freshly prepared ascorbic acid were added. For designs 1-4, an equivalent seed 

amount of 0.1 mL was tested. NaOH solution was prepared separately. Syringes were 

filled with reagents using new needle for each experiment to avoid cross contamination 

of reagents. 

4.2.3 Flow synthesis steps 

The flow synthesis was carried out in the following steps: 

1. Flow reactor set-up: first, place the syringe pumps on a stable surface, and 

securely attach the PTFE tubing at the outlets. Also, when installing the pumps, 

the tubing was arranged in such a way that it ran from the pumps to the reactors 

located at the merging point of all the tubes. 

2. Preparation of the reagents: silver seed nanoparticles were prepared in 

batches on the basis of the optimised parameters in batch synthesis. Growth, 

seed, and NaOH solutions were prepared at concentrations shown in Table 4-1 

above. The prepared solution was then delivered into its respective syringe 

pump. 

3. Starting the reaction: activate the syringe pumps to start the flow of reagents. 

4. Mixing and reaction: mixed solution flowed through the tubing and mixed in 

the connectors and tubing, where it initiated reaction. It further flowed in the 

direction of the area of reaction. 

5. Monitoring and collection: reaction monitored visually; samples were 

collected in a glass vial (15 mL) from the outlet and analysed for absorption and 

size. 

6. Shutdown and cleanup: after the reaction, stop the pumps, disconnect the 

tubing, and dispose of waste. Syringes were only used once and discarded. All 
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tubing and connectors were washed with soap, purged three times with milli Q 

water and flushed with nitrogen prior to each experiment run. New tubing and 

connectors were utilised for each design type. 

UV-visible-near-infrared (UV-vis-NIR) spectra ranging from 300 to 1400 nm were 

recorded using Avantes Avaspec 2048 (range 200 – 1100 nm) and Avaspec NIR 1.7 

(range 900 – 1700 nm) fibre-optic spectrophotometers equipped with a quartz cell (10 

mm optical path).  

Transmission electron microscope (TEM) images were captured using an FEI 

Technai12 TEM, employing an electron acceleration of 120 kV and a tungsten filament 

source. TEM grids (Carbon on Cu, 400 mesh) were procured from Agar Scientific (UK). 

4.2.4 Flow regime in the flow reactors 

To understand the impact of hydrodynamics on nanoparticle morphology and 

synthesis consistency, the flow profiles at the junctions–where reactant streams 

merge–were characterised using Reynolds number (Re) calculations. The Reynolds 

number is given by [227]: 

𝑅𝑒 =  
𝜌𝑢𝐷

𝜇
   𝑤ℎ𝑒𝑟𝑒   𝑢 =  

𝑄

𝐴
 

Where: 

• 𝜌 is the fluid density (1000 kg/m³ for water-based solutions) 

• 𝜇 is the dynamic viscosity (0.89×10⁻³ Pa·s for water) 

• u is the mean velocity (m/s),  

• D is the inner diameter of the tubing (m) 

• Q is the volumetric flow rate (m³/s) 

• A is the tubing cross-sectional area (m2) 

For the milli-fluidic systems used in this study, the Reynolds number ranged from 5 to 

510, confirming that the flow remained well within the laminar regime (Re < 2000). 

This is consistent with findings from continuous-flow nanoparticle synthesis literature, 

where laminar flow dominates in low Reynolds number systems and has a significant 

influence on mixing-dependent nucleation and growth kinetics.  
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At Y- and T-junctions, laminar flow leads to diffusion-limited mixing between the 

reagent streams, which is a critical factor in the shape-controlled growth of nanorods. 

Variations in mixing geometry and inlet angle were therefore introduced across reactor 

iterations to enhance interfacial contact between streams and reduce mixing time. In 

later prototypes, static mixers were introduced to induce secondary flows, increasing 

radial mixing without transitioning into turbulence, maintaining process stability while 

improving particle uniformity. 

4.2.5 Residence time and post-synthesis handling 

To ensure reliable interpretation of nanoparticle synthesis outcomes, both residence 

time within the flow reactor and the duration between collection and analysis were 

quantified. The residence time (τ) was calculated using the relation: 

𝜏 =  
𝑉

𝑄
 

V is the internal volume (m3) of the coiled tubing and Q is the total volumetric flow rate 

(m³/s). 

The delay between synthesis and analysis was minimised and consistently maintained 

at under 10 minutes. All samples were stored at room temperature and protected from 

light during this short interim. This handling protocol ensured that the reported 

characterisation data accurately reflected the products as they emerged from the flow 

reactor. 

4.3 Flow synthesis using design 1 

4.3.1 Design 1 details 

Figure 4.1 illustrates the apparatus configuration adopted for flow synthesis of silver 

nanorods within the context of Design 1. This design utilised a series of syringe pumps 

that precisely control the delivery of reagent solutions into the system. The solutions 

consisted of silver nanoparticle seeds, sodium hydroxide (NaOH), and a growth 

solution containing cetyltrimethylammonium bromide (CTAB), silver nitrate (AgNO3), 

and ascorbic acid, which acts as a reducing agent. The objective of the design was to 

use the silver seed nanoparticles to grow silver nanorods, similar to the batch 

synthesis, where seed nanoparticles were used as nucleation points for the nanorod 

growth.   
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Figure 4.1. Flow synthesis apparatus for silver nanorods utilising syringe pumps, y-type 
fittings, and PTFE tubing 

In this particular design, a y-type reactor (Idex P-512 from Cole Parmer) was utilised 

for the mixing of reactants. The reactor facilitated the merging of reactants at the 'Y' 

junction, thereby enabling efficient and swift chemical reactions. Y-type fittings were 

sourced from Cole-Parmer. These fittings are integral to the mixing zone, enabling the 

controlled mixing of the silver seed solution with the growth solution and the sodium 

hydroxide (NaOH). The use of such fittings ensured a streamlined flow that promotes 

the efficient combination of reagents. See appendix A for reactor details. 

Each of the reactants was dispensed with precision by syringe pumps, which meter 

the silver seed solution and the growth solution at specified flow rates. The combined 

solution then proceeded through a coiled section of Polytetrafluoroethylene (PTFE) 

tubing, where the silver nanoparticles underwent growth. The coiled configuration of 

the tubing is designed to extend the reaction time, allowing for a more complete 

development of the nanoparticles. Post-reaction, the silver nanoparticles were 

directed to a collection vial for subsequent characterisation such as UV-VIS-NIR 

spectroscopy and Transmission Electron Microscopy (TEM).  

The table below shows the tubing details in the design set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed to y-reactor 0.50 0.25 
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Growth to y-reactor 0.50 0.25 

NaOH to y-reactor 0.50 0.25 

Y-reactor to y-reactor 0.50 0.30 

Coiled tubing 0.50 5.0 

Table 4-2 Tubing details for flow synthesis using design 1 

 

4.3.2 Flow rates for design 1 

The table below shows the flow rates of three different solutions used in a series of 

four distinct flow synthesis experiments aimed at creating silver nanorods. These 

experiments were labelled from D1_1 to D1_4, and for each, there were corresponding 

flow rates for the growth solution (G), seed solution, and sodium hydroxide (NaOH) 

solution. The flow rate for the growth solution was based on its constituents in the 

batch synthesis: 10 mL CTAB, 0.25 mL ascorbic acid and 0.25 mL silver nitrate. For 

each experiment, a stock growth solution was prepared and added to syringe. The 

flow rates are critical parameters that influence the reaction kinetics and the final 

properties of the synthesised nanorods. Reynolds numbers clearly show that all 

iterations in design 1 operate within the laminar flow regime (Re < 2000). Notably, the 

highest Reynolds number (510 in D1_1) still reflects stable, ordered flow. 

Experiment G flow 
rate 

(mL/min) 

Seed flow 
rate 

(mL/min) 

NaOH Flow 
rate 

(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D1_1 10.5 0.1 0.1 6 510 

D1_2 2.1 0.02 0.02 28 102 

D1_3 1.05 0.01 0.01 55 51 

D1_4 0.105 0.001 0.001 551 5 

Table 4-3 Flow rates utilised in design 1 

The objective of this design was to establish a foundational understanding of the flow 

synthesis process and its impact on the growth of silver nanorods. The primary goal 

was to optimise the synthesis of silver nanorods with a specific focus on controlling 

their size, aspect ratio, and uniformity.  
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The hypothesis driving the initial design was that the controlled flow rates of the 

reactant and seed solutions, along with the pH adjustment by NaOH, would allow for 

the precise manipulation of the nanorods' nucleation and growth stages, leading to a 

uniform production of nanorods with desired optical characteristics. Experiment D1_1 

implemented the highest flow rates to explore the effects of rapid reaction conditions 

on nanorod synthesis. The flow rates were reduced in subsequent experiments to 

further examine the influence of slowed kinetics and prolonged reaction times on the 

growth of nanorods. 

4.3.3 Results for design 1 

Figure 4.2 displays the optical absorption spectra of silver nanoparticles synthesised 

using varying flow rates as outlined in Table 4-3. Absorption was only detected in D1_2 

and D1_3, each showing two absorption peaks. These two distinct peaks of absorption 

in nanorods were due to the absorption in the transverse and longitudinal axis of the 

rod. Evidently, these anisotropic nanoparticles manifested LSPR properties influenced 

by the flow rates of the solutions used during synthesis. 

 

Figure 4.2. Absorption spectra for D1_2 and D1_3 

There was no absorption in nanoparticles synthesised in D1_1. It was assumed that 

due to higher flow rates, there was not enough time for the solutions to mix and grow 
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into nanorods. For D1_2 (orange curve), the LSPR peak was centred around 650 nm. 

The flow rates were reduced x10 in D1_3, and the longitudinal LSPR absorption peak 

was centred around 740 nm, resulting in a red-shift of about 90 nm. TEM results 

showed nanorods measuring 90-110 nm in length for D1_2 and over 200 nm in length 

for D1_3. There were also some quasi-spherical shaped nanoparticles present in the 

samples. A further reduction in flow rates was tested in D1_4, but there was also no 

absorption detected. The cause for non-absorption could be due to very low flow rates 

of seed and NaOH solutions. The D1_3 experiment, showed the highest longitudinal 

LSPR absorption peak where the flow rates were not too higher or low. This allowed 

for extended growth periods for the nanoparticles, leading to larger sizes and 

potentially more elongated shapes, as can be seen from the significant absorption in 

the near-infrared region. 

 

Figure 4.3. TEM images of nanoparticles produced using design 1 : (A) D1_2; (B) D1_3  

 

From these experiments, it was concluded that the optical properties of the silver 

nanoparticles, as determined by the SPR peaks in the absorption spectra, are 

significantly affected by the flow rates used during their synthesis. The precise tuning 

of the flow rates in the synthesis process enables the manipulation of nanoparticle 

characteristics, offering a controllable method for tailoring nanomaterials for specific 

applications.  
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4.3.4 Modification of flow synthesis using design 1  

 

Figure 4.4. Schematic of modified design 1 for synthesis of silver nanorods 

The above schematic depicts a modified flow synthesis design for the production of 

silver nanorods, presenting a simplified version of the design 1 system. This design 

was refined to integrate the seed solution with the sodium hydroxide (NaOH) solution 

prior to the introduction to the growth solution - a slight modification from the previous 

approach where the seed and NaOH solutions were introduced separately. The 

reason for this change was to allow for usage of higher flow rates by combining the 

seed and NaOH solutions. For example, when both of these solutions were pumped 

separately such as in D1_3, each required a flow rate of 0.01 mL/min. By mixing seed 

and NaOH, the flow rate can be increased to 0.02 mL/min.  

In this modified setup, the two solutions were stored in individual syringe pumps that 

carefully controlled their flow into the reactor. Upon combining the seed/NaOH and the 

growth solution, the reagents converge at a singular Y-type reactor. This was followed 

by reaction mixture flow through coiled PTFE tubing to extend the reaction path and, 

hence, provide residence time conditions that would be controlled for the synthesis of 

the nanorod. The synthesised silver nanorods were eventually collected in a glass vial, 

ready for characterisation.  

The table below shows the tubing details in the design set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed/NaOH to y-reactor 0.50 0.25 
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Growth to y-reactor 0.50 0.25 

Coiled tubing 0.50 5.0 

Table 4-4 Tubing details for modified design 1 

 

4.3.4.1 Flow rates for modified design 1 

The table below shows the flow rates of three different solutions utilised in the modified 

design 1. These experiments were labelled from D1_5 to D1_7, and for each, there 

were corresponding flow rates for the growth solution (G), and seed/sodium hydroxide 

(NaOH) solution.  

Experiment G flow rate 
(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D1_5 1.05 0.02 55 51 

D1_6 0.525 0.01 110 25.5 

D1_7 0.105 0.002 551 5.1 

Table 4-5 Flow rates used in modified design 1 flow synthesis 

 

4.3.4.2 Results for modified design 1 

 

Figure 4.5. Absorption spectra for D1_5 and D1_6 
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Figure 4.5 shows the optical absorption spectra of silver nanoparticles produced under 

the modified flow synthesis design. There was no absorption in experiment D1_7, 

possibly due to low seed/NaOH flow rate. The results for D1_5 and D1_6 showed two 

peaks each, with a red shift in the longitudinal LSPR peak as the flow rates were 

reduced. The secondary LSPR maximum absorption peaks for D1_5 and D1_6 were 

595 nm and 765 nm respectively .This shift suggests larger or more elongated silver 

nanorods due to longer residence times in the reactor, which facilitates more extensive 

growth. 

Comparing the results for D1_5 and D1_6 with earlier experiments D1_1 to D1_4, 

where flow rates ranged from high to very low, a clear trend is observable. In the initial 

design, decreasing flow rates also led to a red-shift in the longitudinal LSPR peaks, 

with each decrease in flow rate leading to a slight further red-shift and increase in size. 

This is indicative of the modified design's potential for fine-tuning nanoparticle 

characteristics by adjusting residence times and reaction dynamics. 

The comparison between the two designs shows the fine control that can be achieved 

via the flow chemistry in nanoparticle synthesis. In the original Design 1, it is easy to 

manipulate the size of the nanoparticles by a change in the flow rate. In contrast, the 

modified Design 1 variation incorporates premixing of the seed and base solutions, 

which most likely leads to a more homogeneous reaction environment and finer 

control, evidenced by the optical properties that are more pronounced in all cases. 

Both designs confirm the fundamental role of flow rates in dictating nanoparticle 

morphologies and optical properties, with the modified design providing higher 

capabilities in fine-tuning. 

 

4.3.5 Modifying reagent concentrations for modified design 1 

In the subsequent phase of the experimental design 1, an alteration was introduced to 

the concentration of the reactants. This modification involved diluting both the seed 

and NaOH solutions by a ratio of 1:5 with water. The objective of this design change 

was to investigate the influence of reactant concentration on the nucleation and growth 

processes of silver nanorods. This would also allow higher flow rates to use for the 

seed/NaOH solution. 
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4.3.5.1 Flow rates for modified design 1 

The table below shows the flow rates used for the modified design 1:  

Experiment G flow rate 
(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D1_8 2.1 0.2 26 109.7 

D1_9 1.05 0.1 51 54.8 

D1_10 0.525 0.05 102 27.4 

Table 4-6 Flow rates used in the modified design 1 

 

4.3.5.2 Results for modified design 1 

Figure 4.6 shows the optical absorption spectra of silver nanoparticles synthesised in 

three different sets of conditions, designated as D1_8, D1_9, and D1_10. Each of the 

three spectra exhibited two absorption peaks, consistent with the SPR effect observed 

in silver nanorods. 

 

Figure 4.6. Absorption spectra for D1_8, D1_9 and D1_10 

D1_8 spectrum, shown in grey, showed a secondary peak occurring at approximately 

700 nm. For D1_9, the longitudinal absorption peak was also centred around 700 nm, 

although it was slightly sharper compared to D1_7, which could be interpreted as a 

more uniform size distribution of the anisotropic particles. The D1_10 spectrum, 
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showed a more substantial redshift compared to D1_8 and D1_9. The secondary 

peak, centred around 810 nm, implied the presence of larger or more elongated 

structures. TEM results showed nanorods measuring between 120 – 150 nm in length 

for D1_9 and around 250 nm long for D1_10 (Figure 4.7). The presence of other 

shaped nanoparticles explained the peaks being slightly broader. 

 

Figure 4.7 TEM images of nanoparticles produced using modified design 1 : (A) D1_9; (B) 
D1_10 

In all three cases, the position of the peaks reflects the size, shape, and distribution of 

the silver nanoparticles within the samples. The trend of redshift from D1_8 to D1_10 

could be associated with changes in the flow rates during synthesis, which are known 

to influence the nanoparticle size. As the flow rates were reduced, the absorption 

peaks shifted to higher wavelengths. The absorption spectra indicated complex 

interchanges between the nanoparticle synthesis conditions and the resulting optical 

characteristics. D1_10 showed the optimal flow rates using the modified design 1 set 

up and other parameters.  

A comparison between batch and Design 1 experiments reveals the effect of flow 

conditions and reactor configuration on nanorod formation. In Trial 1, an LSPR peak 

of 870 nm was observed, though the morphology was not determined. In contrast, flow 

experiments under similar reagent conditions but varied flow rates produced more 

defined outcomes: 

D1_3 (moderate flow rate): LSPR = 745 nm, nanorods with AR ≈ 11, and minor 

quasispherical content. 

D1_6 (lower flow rate): LSPR = 765 nm, morphology not captured but spectral shift 

suggests anisotropic growth. 

D1_10 (lowest flow rate): LSPR = 810 nm, with rods (AR ≈ 12), along with prisms and 

hexagonal structures. 
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These results confirm that decreasing the flow rate in Design 1 increased the 

residence time, favouring the growth of higher aspect ratio nanorods and extending 

the LSPR toward the NIR region. The incorporation of Y-mixers and extended tubing 

also contributed to improved reagent mixing and elongation kinetics. Compared to the 

less-defined batch Trial 1 outcome, flow conditions in Design 1 enabled more 

controlled and morphologically resolved synthesis. 

Within Design 1, the transition from early experiments (e.g., D1_1–D1_4) to later 

modified versions (e.g., D1_9 and D1_10) showed a distinct enhancement in 

absorbance. 

 

4.4 Flow synthesis using design 2 

4.4.1 Design 2 details 

 

Figure 4.8. Flow synthesis apparatus for silver nanorods utilising syringe pumps, t-type 
fittings, and PTFE tubing 

Figure 4.8 above presents the configuration used for the flow synthesis of silver 

nanorods as per design 2. Design 2 differs by incorporating a t-type reactor instead of 

the y-type used in Design 1. The t-type reactor (Idex P-632 from Cole Parmer) 

simplifies the confluence of reactants, where the two streams merge at a single point, 

promoting a quick and efficient synthesis process. The silver seed solution and the 

growth solution were both precisely metered by the syringe pumps at predetermined 

flow rates, leading to their convergence in the t-type reactor. Subsequent to mixing, 

the solution travels through a coiled section of PTFE tubing which functions as a 
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microreactor. Once the reaction had concluded, the resultant silver nanoparticles were 

then collected in a glass vial, where they underwent analysis through Transmission 

Electron Microscopy (TEM) and UV-VIS-NIR spectroscopy.  

The table shows the tubing details in the design set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed to t-reactor 0.50 0.25 

Growth to t-reactor 0.50 0.25 

NaOH to t-reactor 0.50 0.25 

Y-reactor to t-reactor 0.50 0.30 

Coiled tubing 0.50 5.0 

Table 4-7 Tubing details for design 2 

 

4.4.2 Flow rates for design 2 

The table below shows the flow rates of three different solutions used in a series of 

four distinct flow synthesis experiments aimed at creating silver nanorods. These 

experiments are labelled from D2_1 to D2_3, and for each, there are corresponding 

flow rates for the growth solution (G), seed solution, and sodium hydroxide (NaOH) 

solution.  

Experiment G flow 
rate 

(mL/min) 

Seed flow 
rate 

(mL/min) 

NaOH Flow 
rate 

(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D2_1 2.1 0.02 0.02 28 102 

D2_2 1.05 0.01 0.01 55 51 

D2_3 0.1 0.001 0.001 577 4.8 

Table 4-8 Flow rates used in flow synthesis using design 2 
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4.4.3 Results for flow synthesis using design 2 

Figure 4.9 the optical absorption spectra of synthesis in design 2. There was no 

absorption for D2_3. This might have been due to low flow rates resulting in no 

synthesis of nanoparticles. D2_1 and D2_2 showed two weak absorption peaks each. 

There was an initial absorption peak at around 430 nm, and a broad weak peak 

centred around 600 nm. 

 

Figure 4.9. Absorption spectra for D2_1, and D2_2 

 

D2_1 showed a gradual decrease in absorption as the wavelength increased. The 

peak appeared to be broad, suggesting a distribution of particle sizes or a range of 

nanoparticle shapes within the sample. This indicated that the overall concentration of 

nanoparticles may be lower or that the nanoparticles had a reduced capacity for light 

absorption. D2_2 followed a similar trend but with a slightly  higher secondary 

absorption peak. Comparing these results to design 1, there was a significant 

difference in results between the two designs. For example, the flow rates for D1_3 

and D2_2 were same, however the two experiments showed different absorption 

results. D1_3 showed a pronounced secondary LSPR absorption maximum of 740 

nm, whereas D2_2 showed a weak  secondary LSPR absorption maximum of 600 nm.  
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4.4.4 Modified design 2 flow synthesis 

 

Figure 4.10. Schematic of modified design 2 
 

Figure 4.10 shows the modified configuration for the production of silver nanoparticles. 

The designed was similar to the modified design 1. Design 2 differs by incorporating 

a t-type reactor instead of the y-type used in Design 1 Two syringe pumps were utilised 

to deliver precise volumes of two different solutions: one containing silver seeds mixed 

with sodium hydroxide (NaOH), and another containing the growth solution. Following 

the mixing chamber, the reaction mixture is passed through coiled tubing, which is 

often used in flow chemistry to enhance heat and mass transfer, promoting a more 

uniform reaction environment. The coiled configuration provides a longer pathway for 

the reactants, enabling better control over reaction time and temperature, factors that 

are critical for determining the final properties of the nanoparticles. After the reaction 

has taken place in the coiled tubing, the synthesized nanoparticles are collected in a 

glass vial. The collected suspension of AgNPs is then subject to characterisation using 

two analytical techniques 

The table below shows the tubing details in the modified design 2 set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed/NaOH to t-reactor 0.50 0.25 

Growth to t-reactor 0.50 0.25 

Coiled tubing 0.50 5.0 

Table 4-9 Tubing details in the modified design 2 set up 
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The table below shows the flow rates of three different solutions used in a series of 

four distinct flow synthesis experiments aimed at creating silver nanorods. These 

experiments are labelled from D2_4 to D2_6, and for each, there are corresponding 

flow rates for the growth solution (G) and seed/sodium hydroxide (NaOH) solution.  

Experiment G flow rate 
(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D2_4 2.1 0.02 28 101.1 

D2_5 1.05 0.01 56 50.5 

D2_6 0.1 0.001 583 4.8 

Table 4-10 Flow rates used in modified design 2 

 

4.4.5 Results for modified design 2 flow synthesis 

 

Figure 4.11. Absorption spectra for D2_4 and D2_5 

 

Figure 4.11 provides the optical absorption spectra for modified design 2. D2_6 

showed no absorption, possibly due to low flow rates. Both D2_4 and D2_5 exhibited 

a strong absorption peak centre at around 425 nm. After reaching their respective 

maxima, both curves gradually decreased in absorbance as the wavelength increased, 
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with no significant secondary peaks observed. The longitudinal LSPR peaks very 

broad, indicating synthesis of some anisotropic nanoparticles of various sizes. 

Compared to the previous design 2 results, there was a somewhat red-shift in the 

absorption, however the peaks not very pronounced. The absorbance curves for D2_4 

and D2_5 converge and closely follow each other, which might indicate that the 

nanoparticles in these samples shared similar properties. 

In conclusion, the differences in the peak intensities and the shapes of the absorbance 

spectra suggested variations in the concentration, size, and the shape distribution of 

the nanoparticles produced under the different conditions corresponding to D2_2, 

D2_3, D2_4, and D2_4. The results in design 2 showed that synthesis of anisotropic 

silver nanoparticles is possible, although further research should be conducted to 

refine the synthesis process. 

A comparison of Design 2 flow results with batch method further highlights the effect 

of flow parameters on spectral outcomes. In Trial 1, an LSPR peak of 870 nm was 

recorded, although the particle morphology was not determined. In the continuous flow 

Design 2, D2_2 exhibited a much lower LSPR peak at 600 nm, while D2_5 showed a 

broader peak at 718 nm, again with undetermined morphology. The significantly lower 

LSPR values in Design 2 suggest the formation of smaller or less anisotropic particles 

compared to those in batch. 

This deviation may be attributed to the use of T-junction connectors in Design 2, which 

provided suboptimal mixing and thus less efficient anisotropic growth. Furthermore, 

the flow rates used in D2_2 and D2_5 were higher than those in later optimised 

designs, reducing residence time and limiting the elongation process. As supported by 

literature (e.g., Wagner et al., 2005), poor mixing dynamics in T-configured systems 

can hinder the uniformity and aspect ratio of nanorods [153]. Consequently, Design 

2’s performance under these parameters did not replicate the morphological and 

optical outcomes achieved under static batch conditions. 
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4.5 Flow synthesis using design 3 

4.5.1 Design 3 details 

Conventional flow synthesis reactor designs often encounter challenges with 

adaptability and scaling up. The emergence of additive manufacturing, also known as 

3D printing, presents a promising alternative, enabling the creation of reactors with 

intricate designs, customised fluid dynamics, and integrated features. Compared to 

traditional methods of reactor production, 3D printing enables quicker and more 

adaptable prototyping, enhanced reaction rates, and greater efficiency in processes. 

Okafor et al. (2017) demonstrated the application of small-scale continuous flow 

oscillatory baffled reactors (mCOBR), fabricated using 3D printing, for generating 

almost uniform silver nanoparticles [228]. These reactors displayed enhanced mixing 

capabilities and superior particle size distribution control compared to standard tubular 

flow reactors. 

Singh (2020) presented a 3D-printed apparatus for producing various types of 

nanoparticles, such as iron oxide and metallic nanoparticles. This study highlighted 

the cost efficiency and multipurpose nature of 3D-printed microfluidic devices in the 

field of nanoparticle production [229]. 

 

Figure 4.12. Flow synthesis apparatus for silver nanorods utilising syringe pumps, 3D-printed 
three-inlet reactor, and PTFE tubing 
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The above schematic describes the flow synthesis process of silver nanorods using a 

3D printed flow reactor. The reactor features three parallel inlet ports, each with 1/4-

28 UNF threads, spaced 10 mm apart. These ports are compatible with standard 

microfluidic fittings and allow precise, modular delivery of reagent streams. Internally, 

each inlet is connected to a 2.00 mm diameter straight channel, which converges 

toward a central mixing junction. The internal channels are angled and directed inward 

to promote convergence at the mixing zone. The converging channel architecture 

leads to a central tapered mixing chamber, where all three streams collide. This 

geometry is designed to enhance passive mixing by forcing fluid streams together at 

a sharp angle, thereby promoting laminar breakdown and chaotic advection, 

particularly important at moderate flow rates [230]. The model was created in Autodesk 

Inventor CAD software and printed using Elegoo Mars SLA printer at the campus. The 

threads were created on the model, and several prototypes were printed in order get 

the correct thread size, i.e., the thread pitch, diameters, angle, etc. This was done until 

a final prototype without leakage was acquired.  See appendix A for more details. 

There were three inlets connected to syringe pumps holding seed nanoparticles, 

NaOH, and a growth solution containing AgNO3, ascorbic acid, and CTAB. The inlet 

solutions were passed through internal channels that enhanced the mixing process. 

After the reactants had mixed and reacted, the solution from the outlet was passed 

through PTFE tubing for transmission from the reactor to a glass vial where AgNRs 

are collected. The characterisation of the synthesised nanoparticles was carried out 

using UV-Vis-IR spectrophotometry and TEM.  

The table below shows the tubing details in the design set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed to reactor 0.50 0.25 

Growth to reactor 0.50 0.25 

NaOH to reactor 0.50 0.25 

Coiled tubing 0.50 5.0 

Table 4-11 Tubing details for design 3 
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4.5.2 Flow rates for design 3 

The table below shows the flow rates of three different solutions used in the three-inlet 

3D-printed flow reactor. These experiments were labelled from D3_1 to D3_3, and for 

each, there were corresponding flow rates for the growth solution (G), seed solution, 

and sodium hydroxide (NaOH) solution. Experiment D3_1 implemented the highest 

flow rates to explore the effects of rapid reaction conditions on nanorod synthesis. 

Experiment D3_3 utilised the lowest flow rates of the series to further examine the 

influence of slowed kinetics and prolonged reaction times on the growth of nanorods. 

 

Experiment G flow 
rate 

(mL/min) 

Seed flow 
rate 

(mL/min) 

NaOH Flow 
rate 

(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D3_1 5.25 0.05 0.05 11 63.8 

D3_2 1.05 0.01 0.01 55 12.8 

D3_3 0.525 0.005 0.005 110 6.4 

Table 4-12 Flow rates used in flow synthesis design 3 

 

4.5.3 Design 3 flow synthesis results 

The results of the experiments are illustrated in the UV-Vis-NIR absorption spectra for 

D3_2 and D3_3 (Figure 4.13). The spectrum for D3_1 is reported as inadequate due 

to low absorption. A higher flow rate in D3_1 may have led to a faster reaction, possibly 

resulting in a less controlled growth environment. From the absorption spectra 

provided, D3_2 and D3_3 only showed single peaks in the UV-Vis region, which 

correspond to the SPR of spherical silver nanoparticles. D3_3 experiment showed a 

high SPR peak at 430nm compared to D3_2, which suggested synthesis of larger 

sized nanoparticles. From the spectra, it is evident that there were no anisotropic 

nanoparticles, therefore this particular design and reaction parameters may not be 

suitable for nanorod synthesis. 
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Figure 4.13. Absorption spectra for D3_2 and D3_3 

 

4.5.4 Modifying design 3 parameters 

In the subsequent phase of the experimental design 3, an alteration was introduced to 

the concentration of the reactants. This modification involved diluting both the seed 

and NaOH solutions by a ratio of 1:5 with water.  

Experiment D3_4 had a moderate flow rate for the diluted solutions, aiming to 

determine if the reduced concentration still permitted the formation of nanorods with 

uniform properties. Experiment D3_5 tested a lower flow rate for the diluted solutions 

to investigate the impact of a reduced reactant delivery rate on the synthesis, 

challenging the kinetics and thermodynamics of nanorod formation further. 

Experiment G flow 
rate 

(mL/min) 

Seed flow 
rate 

(mL/min) 

NaOH Flow 
rate 

(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D3_4 1.05 0.01 0.01 55 12.8 

D3_5 0.525 0.005 0.005 110 6.4 

Table 4-13 Flow rates used in the modified design 3 
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4.5.5. Flow synthesis results for modified design 3 

 

Figure 4.14. Absorption spectra for 3_4 and D3_5 

 

Figure 4.14 shows absorption spectra for D3_4 and D3_5. In D3_4, there was only 

one SPR peak, which means only spherical nanoparticles were present in the 

synthesis. Due to the higher flow rates, there might have been less time for the growth 

of nanorods, resulting in only one absorption peak. On the other hand, D3_5, with a 

lower flow rate, showed two LSPR peaks, which suggests presence of anisotropic 

nanoparticles. The reduced flow rates may have led to more effective nucleation and 

elongation processes, culminating in the production of anisotropic nanoparticles. 

It is important to consider the effect of the dilution of the seed and NaOH solutions. 

The 1:5 dilution may have significantly decreased the number of nucleation sites and 

moderated the pH increase, respectively, affecting the rate of nanorod formation and 

the kinetic control over the synthesis process. The diluted conditions in D3_5, 

combined with the lowest flow rate, appear to be more optimal for the formation of 

uniform nanorods, as evidenced by the secondary LSPR peak. 

In conclusion, the experimental data imply that both the flow rates and the 

concentration of reactants are critical parameters in the flow synthesis of silver 

nanorods. Experiment D3_5  suggests that a certain threshold of flow rate and reactant 
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concentration is necessary to achieve a synthesis of nanorods. These findings 

underscore the importance of carefully balancing the reactant concentrations and flow 

rates to achieve precise control over the nanostructure synthesis in a flow chemistry 

setup, and further, they serve as a valuable reference for optimising the flow synthesis 

protocol for silver nanorods. 

In Design 3, lower flow rates (e.g., D3_5) produced clearer longitudinal LSPR peaks 

around 780 nm, indicative of rod formation. The spectral and morphological features 

closely resemble batch method,  where lower seed volume and slower kinetics 

favoured longer rod development. While the yield was lower, the higher absorbance 

peak under optimised flow conditions (e.g., diluted seed and NaOH) showed 

advantages over batch synthesis. 

 

4.6 Flow synthesis using design 4 

 

Figure 4.15. Flow synthesis apparatus for silver nanorods utilising syringe pumps, 3D-printed 
y-type reactor, and PTFE tubing 

  

Figure 4.15 shows the design for the synthesis of silver nanorods employing another 

3D printed y-shaped flow reactor. This approach utilised a dual inlet system, enabling 

the precise control of reagent delivery to the reactor's internal mixing channels. The 

inlet channels have a diameter of 2.00 mm. Internally, the two inlets taper gradually 

and symmetrically into a mixing chamber, designed to promote the interfacial contact 

of reagent streams. The internal channel merging length is approximately 30.00 mm, 

with each angled inlet contributing to early convergence within the mixing zone.  The 
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gentle angular offset improves the uniform distribution of flow velocities, which in turn 

enhances mixing efficiency even under laminar flow regimes. Following the merging 

region, the reactor transitions into a single 2.00 mm diameter outlet channel, directing 

the mixed stream into downstream components. The reactor was designed using 

Autodesk Inventor and printed using the Elegoo Mars 3D printer, with multiple 

iterations of print settings to achieve the correct internal features such the threads and 

channels, i.e., with thread sizes that are compatible with UNF 1/4-28 thread size luer 

lock fittings, ensuring a seamless and secure connection for the flow of solutions. See 

appendix A for more details about the design.  

This reactor was equipped with two inlets, specifically configured to different 

diameters. The internal channel diameter was 1.25 mm for the seed/NaOH solution 

and 2.50 mm for the growth solution. The solutions converged in a well to allow mixing 

before exiting the reactor. This design feature addressed a critical aspect of flow 

dynamics: it allowed a higher flow rate through one inlet for the growth solution - 

thereby mitigating the potential for backflow at the other inlet, which was reserved for 

the seed/NaOH solution. After the reaction occurred, the solution left the reactor and 

flowed through coiled PTFE tubing for further mixing. Finally, it was collected in a glass 

vial and characterised using UV-VIS-NIR spectroscopy and TEM. 

The table below shows the tubing details in the design set up: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed/NaOH to reactor 0.20 0.25 

Growth to reactor 0.50 0.25 

Coiled tubing 0.50 5.0 

Table 4-14 Tubing details for design 4 

 

4.6.1 Flow rates for design 4 

The table below shows the flow rates of the solutions used in design 4 flow synthesis 

experiments aimed at creating silver nanorods. These experiments were labelled from 
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D4_1 to D4_3, and for each, there are corresponding flow rates for the growth solution 

(G) and seed / NaOH solution.  

For D4_1, the flow rate of the growth solution was the highest among the three at 5.25 

mL/min, while the seed/NaOH solution was introduced at a flow rate of 1 mL/min.  For 

D4_2, both the growth solution and the seed/NaOH solution flow rates were decreased 

by a factor of five compared to D4_1, with values of 1.05 mL/min and 0.01 mL/min, 

respectively.  For D4_3, the flow rates were further reduced to half from D4_2, setting 

them to 0.525 mL/min for the growth solution and 0.005 mL/min for the seed/NaOH 

solution.  

Experiment G flow rate 
(mL 

/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D4_1 5.25 0.05 11 63.2 

D4_2 1.05 0.01 56 12.6 

D4_3 0.525 0.005 111 6.3 

Table 4-15 Flow rates for flow synthesis using design 4 

4.6.2 Results for design 4 

Figure 4.16 shows the absorption spectra for experiments using design 4. The D4_1 

experiment was unsuccessful due to the flow rates that did not result in the formation 

of nanoparticles. The absorption spectra for D4_2 and D4_3 showed two peaks in 

each. They both showed initial peaks at the lower wavelength of around 420 nm due 

to the transverse mode of the plasmon resonance. D_2 showed a secondary peak at 

540 nm and D4_3 at 550 nm. Such plasmonic resonances represent the anisotropic 

shape of the nanoparticles and, thus an indication that the synthesis approach has 

was successful. The shift in peak wavelengths and could be indicative of changes in 

the nanorod dimensions or aspect ratios, which are influenced by the kinetics of the 

reaction dictated by the flow rates of the reagents.  

The dual peak characteristic of the absorption spectra proved that anisotropic silver 

nanoparticle synthesis is possible using this design, although the absorption for LSPR 
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was not as high as desired. It appears that the flow synthesis parameters, as well as 

reagent concentrations are important factors in nanorod synthesis.  

 

Figure 4.16. Absorption spectra for D4_2 and D4_3 

 

4.6.3 Modifying reagent concentration in design 4 flow synthesis 

Following on from previous flow synthesis experiments, the flow rates and reagent 

parameters were modified to enhance the synthesis. The seed and NaOH solutions 

were diluted to one-fifth (1:5) of their original concentrations. The table below shows 

data for three additional experimental runs, labelled D4_4, D4_5, and D4_6, which 

were part of a series of experiments conducted in this design.  

In experiment D4_4, the growth and seed/NaOH solutions were administered at higher 

flow rates. In D4_6, the flow rates were reduced to lower than in D4_3. At this low flow 

rate, it was hypothesised that the reaction kinetics would be significantly slower, 

providing a more controlled environment for the nanorod growth.  

Experiment G flow rate 
(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Residence 
time (s) 

Reynolds 
number 

D4_4 2.1 0.2 26 27.4 
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D4_5 1.05 0.1 51 13.7 

D4_6 0.105 0.01 512 1.4 

Table 4-16 Flow rates for flow synthesis using modified design 4 

 

4.6.4 Results for modified design 4 

The absorption spectra for experiments D4_4, D4_5, and D4_6 is shown in figure 

below. All three spectra exhibited two prominent peaks corresponding to the 

transverse and longitudinal surface plasmon resonances, which are distinctive optical 

signatures of anisotropic silver nanoparticles. 

 

Figure 4.17. Absorption spectra for D4_4, D4_5 and D4_6 

D4_4 absorption peaks showed that both transverse and longitudinal modes were 

pronounced, indicating the formation of silver nanorods. The longitudinal LSPR peak 

for this experiment was the lowest of the three centred at around 560 nm. The higher 

flow rates in D4_4, as compared to the subsequent experiments, suggested a faster 

reaction environment which may have led to shorter nanorods. 

D4_5 showed a noticeable shift in the longitudinal LSPR absorption towards higher 

wavelength with the peak centred around 590 nm. This could be interpreted as a result 

of a slower reaction rate due to the reduced flow rates, allowing for more controlled 

0

0.2

0.4

0.6

0.8

1

1.2

350 450 550 650 750 850 950 1050

A
b

so
rb

an
ce

 (
A

.U
)

Wavelength (nm)

D4_4 D4_5 D4_6



143 
 

growth and leading to nanorods with a larger aspect ratio and more uniformity 

compared to D4_4. 

In D4_6, the trend continued with a further shift of the longitudinal absorption peak 

towards higher wavelength at around 690 nm, though there is a change in the overall 

shape of the spectrum. The lowest flow rates in D4_6 would have slowed the kinetics 

considerably, resulting in nanorods with the largest aspect ratios among the three 

experiments. TEM results in Figure 4.18B showed presence of nanorods measuring 

around 170-180 nm in length, along with other shaped nanoparticles which explained 

the broader peak. 

 

Figure 4.18. TEM images of nanoparticles produced using modified design 4 : (A) D4_5; (B) 
D4_6  

When comparing these results to D4_2 and D4_3, where the seed/NaOH solutions 

were diluted 1 in 10 parts in water, there is a general trend where the longitudinal 

absorption wavelengths increase with decreasing flow rates and dilution of the 

seed/NaOH solutions. The D4_2 and D4_3 spectra indicated the formation of shorter 

silver nanorods than D4_4 to D6_6, suggested by their shorter-wavelength absorption 

peaks. The lower longitudinal absorption wavelength of the D4_3 spectrum as 

compared to D4_2 could be a result of the reduced concentration of nanorods or 

smaller nanorods formed at the relatively higher flow rates. 

A systematic modification in the concentration of the seed/NaOH solutions in the 

experiments, followed by further variation of the flow rates, clearly showed a trend 

where, under slower reaction conditions, long silver nanorods were formed. The 

absorption spectra were good optical characterisations for these nanorods and shifts 

in plasmon resonance peaks across the experiments were found to correlate to 

changes in nanorod size. The results indicated the delicate balance that must be 

struck when placing the flow chemistry parameters against the control of morphologies 

of nanoscale materials in order to tune their plasmonic properties. 
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A comparison between batch Method 1 (Trial 1) and Design 4 reveals interesting 

differences driven by flow rate and design geometry. In batch Trial 1, an LSPR peak 

of 870 nm was observed, but particle morphology was not recorded. In contrast, flow 

experiments in Design 4 showed: 

D4_3 (higher flow rate): LSPR = 550 nm, morphology unknown. 

D4_6 (lower flow rate): LSPR = 690 nm (very broad), with nanorods of AR ≈ 10 and a 

mixture of other shapes. 

These results suggest that reducing the flow rate in Design 4 enhanced nanorod 

formation, increasing the longitudinal plasmon resonance. However, the presence of 

other shapes in D4_6 indicates some instability in particle uniformity, likely due to 

design constraints in the mixing region or inlet asymmetry. Compared to batch Trial 1, 

Design 4’s flow conditions favoured shorter nanorods or mixed populations, resulting 

in lower and broader LSPR peaks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 
 

 

4.7 Optimised flow synthesis experiments 

From the above experiments, design 1 and design 4 were selected for further 

optimisation due to their superior performance in terms of plasmonic tuning, 

nanoparticle morphology, and reproducibility. Both designs demonstrated a clear 

correlation between flow rate, residence time, and the resulting aspect ratio of silver 

nanorods, aligning well with batch synthesis results and reference literature. 

• Design 1 produced well-defined nanorods with aspect ratios up to ~12 (e.g., 

D1_10) and LSPR peaks reaching 810 nm, showing excellent agreement with 

batch Trial 1. The incorporation of a Y-mixer and extended coiled tubing 

contributed to improved residence time control and mixing efficiency, making it 

a strong candidate for fine-tuned synthesis. 

• Design 4, despite a simpler inlet configuration, also yielded nanorods with high 

aspect ratios (~10 in D4_6) and an LSPR peak at 690 nm. Its compact Y-mixer 

design supported consistent reagent flow and was more modular, making it 

easier to prototype and adapt for future scaling. 

The decision to further improve these designs was informed by their ability to 

reproducibly generate anisotropic nanoparticles with desirable near-infrared (NIR) 

optical properties. However, it was also observed that even in these successful 

designs, mixing at the junctions remained a limiting factor—especially at moderate 

flow rates where laminar flow dominates. To address this, a final improvement was 

introduced in the form of a modular in-line mixing unit, enabling enhanced mixing via 

turbulence or induced shear, leading to better control over particle uniformity and size 

distribution. This optimisation phase was therefore a direct evolution of the insights 

gained from the earlier design iterations, merging the best-performing configurations 

with enhanced fluid dynamic control. 

A modular 3D printed mixer, shown in Figure 4.19, was developed to improve mixing 

of reagents. The reactor consisted of two parts: a base with a chamber into which the 

solution flowed and mixed using a magnetic bar; a top lid that screwed on to the base. 

The chamber in the base had holes that allowed the solution to flow out into a cavity 

and then exit out. Both of the parts had protrusions with internal 1/4 - 28 threads to 
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connect luer connectors, this allowed for connections of the PTFE tubing. A magnet 

stirrer bar, 1 cm long, was placed in the reactor prior to each synthesis and the lid was 

screwed on to the base. The thread size was M-25, i.e., 25 mm outer diameter on the 

base and 25 mm inner diameter on the lid. PTFE tape was wrapped around the 

external thread of the base to ensure a good seal and there was no leakage. The 

reactor was placed on a magnetic stirrer and fixed with a clamp to ensure there was 

no movement of the reactor during synthesis. Further details about the reactor design 

are presented in the appendix A. 

 

Figure 4.19. Schematic and set up of 3D-printed mixing reactor used in optimised flow 
synthesis experiments. Top two figures show the actual reactor. Below are cad models, with 

the image in bottom right showing a magnet bar in the base part. 

4.7.1 Optimised synthesis using design 1 

Figure 4.20 shows the schematic of design 1 flow synthesis system with the mixing 

reactor added after the coiled tubing. The set up of the design was same as the 

modified design 1, apart from the addition of the 3D-printed mixing reactor added after 

the coiled tubing. The stirring speed in the mixer was 200 rpm. The synthesis was 

carried out using two syringe pumps: one for the growth solution and one for the 

seed/NaOH solution.  
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Figure 4.20. Flow synthesis apparatus for silver nanorods utilising syringe pumps, y-type 
fittings, PTFE tubing, and 3D-printed mixing reactor 

The table shows the tubing details used in the above design: 

Tubing Dimensions 

Internal diameter (mm) Length (m) 

Seed/NaOH to y-reactor 0.20 0.25 

Growth to y-reactor 0.50 0.25 

Coiled tubing 0.50 5.0 

Mixer reactor to glass vial 0.50 0.30 

Table 4-17 Tubing details for optimised design 1 flow synthesis 
 

4.7.1.1 Flow rates and reagent concentrations 

The table below shows the flow rates of the different solutions utilised in the optimised 

design 1. These experiments were labelled from D5_1 to D5_6, and for each, there 

are corresponding flow rates for the growth solution (G), and seed/sodium hydroxide 

(NaOH) solution. The seed and NaOH solutions were diluted 1:5 parts in water. The 

seed concentration, equivalent to batch synthesis, was varied to study its effect on the 

synthesis of nanoparticles. In the previous designs, the equivalent seed volume was 

0.10 mL, whereas herein it was varied between 0.02 to 0.10 mL. The seed volume 

was varied between 0.02 mL and 0.10 mL to systematically investigate its effect on 

nanoparticle morphology, particularly the formation and elongation of anisotropic silver 

nanorods. This decision was informed by observations from both batch and earlier 

flow synthesis experiments, which demonstrated that seed concentration plays a 
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critical role in determining the nucleation density, growth kinetics, and final particle 

shape. In previous flow designs (e.g., Design 1), a seed volume equivalent to 0.10 mL 

was consistently used. While this produced elongated nanorods with favourable LSPR 

responses, the morphology distribution was relatively broad, and it was unclear 

whether the seed concentration was optimal for controlling aspect ratio or reducing by-

product formation. By varying the seed volume in this optimised setup, while keeping 

other parameters constant, the study aimed to: 

• Assess the extent to which seed availability influences particle elongation, 

• Determine whether lower seed volumes result in higher aspect ratio rods or 

alternative shapes (e.g., nanoprisms or plates), 

• Evaluate the reproducibility and spectral sharpness of nanorods under different 

nucleation conditions. 

This variation allows a more refined control over nanorod aspect ratio tuning via seed-

limited growth, supporting the goal of producing monodisperse particles with tailored 

plasmonic properties. The findings also align with established batch synthesis results, 

where reducing seed input has been linked to more anisotropic growth due to fewer 

competing nucleation sites. 

Experiment G flow 
rate 

(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Eqv. seed 
volume 

(mL) 

Residence 
time (s) 

Reynolds 
number 

D5_1 0.525 0.05 0.10 102 27.4 

D5_2 0.525 0.0375 0.05 105 26.8 

D5_3 0.525 0.03 0.02 106 26.5 

Table 4-18 Flow rates and seed concentrations used in optimised design 1 flow synthesis 

 

4.7.1.2 Optimised design 1 flow synthesis results 

Figure below shows the optical absorption spectra of silver nanoparticles synthesised 

in the above design. D5_1 and D5_2 both showed primary LSPR absorption peaks 

below 450 nm and broad secondary peaks centred at around 830 nm, although the 

maximum absorption peak for D5_2 was at a slightly higher wavelength. D5_3 didn’t 
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exhibit a pronounced primary peak but had a secondary LSPR absorption peak 

centred at around 960 nm.  

 

Figure 4.21. Absorption spectra for D5_1, D5_2 and D5_3 

The results showed a red-shift in the maximum absorption as the amount of the seed 

solution was reduced. This correlated well with the batch synthesis, where reducing 

the volume of seed nanoparticles resulted in larger nanoparticle synthesis and higher 

absorption. TEM results showed the presence of various shapes of anisotropic 

nanoparticles including rods, prisms, and spheres. D5_2 showed nanorods measuring 

200-220 nm in length, whereas for D5_3 the nanorods were much longer measuring 

between 350-400 nm in length. This corresponded well with the red-shift in the 

absorption, as the increased aspect ratio of nanorods results in absorption of higher 

wavelengths. 

 

Figure 4.22. TEM images of nanoparticles produced using optimised design 1 : (A) D5_2; (B) 
D5_3  
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Comparing the absorption in D5_1 to all previous designs showed an improvement in 

the maximum secondary LSPR absorption. For example, the secondary LSPR 

absorption maximum in design 1 was 810 nm, whereas in D5_1 it was 830nm. The 

results showed that this design set up is suitable to synthesise nanoparticles for 

absorption of near-infrared wavelengths.   

Comparison of optimised design 1 with batch Method 1 

To assess the performance of Optimised Design 1 in comparison to batch synthesis, 

a comparison was carried out between the Optimised Design 1 flow experiments 

(D5_1 to D5_3) and equivalent batch synthesis results from Method 1, where the seed 

volume was varied from 0.02 mL to 0.1 mL. This analysis provides insight into how the 

seed concentration affects the plasmonic response and morphology under both 

synthesis regimes. 

Sample LSPR λ (nm) Morphology 

0.1 mL batch 870 Unknown 

0.05 mL batch 950 Unknown 

0.02 mL batch 1000 Unknown 

D5_1/2 (0.1 and 

0.05 mL) 

830 Rods (AR ≈ 13), prisms 

(~200 nm), spheres 

D5_3 (0.02 mL) 960 Rods (AR ≈ 16), 

quasispheres (~80 nm) 

Table 4-19 Comparison of LSPR peak positions and nanoparticle morphologies between 
batch synthesis (Method 1) and Optimised Design 1 flow experiments across matched seed 

volumes of 0.1, 0.05, and 0.02 mL. While both methods demonstrate increasing LSPR 
redshift with decreasing seed volume, the flow synthesis yielded more uniform rod growth 
and narrower spectral features, reflecting enhanced control over aspect ratio and particle 

uniformity. 

In batch synthesis, a 0.1 mL seed volume (Trial 1) produced an LSPR peak at 870 nm, 

though the particle shape was not characterised. At 0.05 mL, the LSPR peak 

increased to 1000 nm, and at 0.02 mL, it reached 950 nm, both indicative of elongated 

rods or large planar nanostructures. These redshifts suggest that lower seed 

concentrations reduce nucleation density, enabling the growth of highly anisotropic 

particles. 

In the flow experiments, the LSPR peaks followed a similar trend. D5_1, using 0.1 mL 

seed, produced a peak at 830 nm, with TEM showing a mixture of nanorods (AR ≈ 13), 



151 
 

nanoprisms (~200 nm), and spherical nanoparticles. This slightly blue-shifted 

spectrum relative to the batch suggests more uniform rod growth and fewer high-NIR 

contributing structures. 

In D5_2 (0.05 mL seed), the LSPR remained at 830 nm, but with improved rod 

elongation and similar structural diversity. In D5_3 (0.02 mL seed), the LSPR shifted 

further to 960 nm, with rods of AR ≈ 16 and minor spherical by-products (~80 nm). 

These results highlight that the flow setup replicates the batch redshift trend, though 

the absolute LSPR values are slightly lower, likely due to tighter particle distributions 

and reduced formation of large planar morphologies in flow. 

 

4.7.2 Optimised synthesis using design 4 

Figure 4.23 shows the schematic of design 4 flow synthesis system with the mixing 

reactor added after the coiled tubing. The set up of the design is same as the modified 

design 4, apart from the addition of the 3D-printed mixing reactor added after the coiled 

tubing. The stirring speed in the mixer was 200 rpm. The synthesis was carried out 

using two syringe pumps: one for the growth solution and one for the seed/NaOH 

solution. The tubing details were same as optimised design 1.  

 

Figure 4.23. Flow synthesis apparatus for silver nanorods utilising syringe pumps, 3D-printed 
y-type reactor, PTFE tubing, and 3D-printed mixing reactor 
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4.7.2.1 Flow rates and reagent concentrations 

The table below shows the flow rates of three different solutions utilised in the 

optimised design 1. These experiments were labelled from D6_1 to D6_6, and for 

each, there are corresponding flow rates for the growth solution (G), and seed/sodium 

hydroxide (NaOH) solution. The seed and NaOH solutions were diluted 1:5 parts in 

water. The seed concentration, equivalent to batch synthesis, was varied to study its 

effect on the synthesis of nanoparticles. In the previous designs, the equivalent seed 

volume was 0.10 mL, whereas here it was varied between 0.02 to 0.10 mL. 

Experiment G flow 
rate 

(mL/min) 

Seed/NaOH 
flow rate 
(mL/min) 

Eqv. seed 
volume 

(mL) 

Residence 
time (s) 

Reynolds 
number 

D6_1 0.525 0.05 0.10 102 27.4 

D6_2 0.525 0.0375 0.05 105 26.8 

D6_3 0.525 0.03 0.02 106 26.5 

Table 4-20 Flow rates for flow synthesis using optimised design 4 

 

4.7.2.2 Results for optimised design 4 flow synthesis  

Figure 4.24 displays the optical absorption spectra of silver nanoparticles synthesised 

in design 6. All three samples showed primary weak absorption peaks at around 430 

nm, with D6_3 showing a very slight peak at around 410 nm.  



153 
 

 

Figure 4.24. Absorption spectra for D6_1, D6_2 and D6_3 

D6_1 showed a secondary, broader absorption peak centred roughly at around 750 

nm, which suggested the presence of larger or elongated particles that have a 

longitudinal SPR band. Figure 4.25A showed presence of nanorods measuring 150-

180 nm in length, along with other quasi-spherical nanoparticles.  

D6_2 showed a secondary longitudinal LSPR peak centred at around 850nm. This 

showed a red-shift compared to D6_1. TEM results as shown in Figure 4.25B showed 

presence of nanorods measuring 220-250 nm in length, along with other quasi-

spherical nanoparticles.   

D6_3 exhibited a secondary broader LSPR absorption peak centred at around 1000 

nm. This experiment showed the absorption of the highest wavelengths. The lower 

seed concentration allowed the nanoparticles to grow larger in comparison to earlier 

experiments. TEM results as shown in Figure 4.25C showed presence of nanorods 

measuring 380-420 nm in length, along with other large quasi-spherical nanoparticles.   
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Figure 4.25. TEM images of nanoparticles produced using optimised design 4 : (A) D6_1; (B) 
D6_2; (C) D6_3 

 

Compared to D5_1, D5_2, and D5_3, the samples D6_2 and D6_3 showed absorption 

of higher wavelengths, indicating presence of larger anisotropic particles. D6_3 

displayed the highest absorption across the spectrum compared to the D5 series, 

pointing to concentration of largest nanoparticles. 

The results from optimised synthesis experiments showed that by varying the flow 

rates and reagent concentrations, synthesis of silver nanorods absorbing in NIR 

wavelengths is achievable. Future experiments should alter the reagent 

concentrations further in order to synthesise larger nanorods that would absorb even 

higher wavelengths.  

Comparison of optimised design 4 with batch Method 1  

A comparison between Optimised Design 4 (D6 series) and batch Method 1 trials was 

conducted to evaluate the influence of seed volume on nanoparticle morphology and 

plasmonic response under continuous flow versus batch conditions. See summary of 

the results below. 

Sample LSPR λ (nm) Morphology 

0.1 mL batch 870 Unknown 

0.05 mL batch 950 Unknown 
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0.02 mL batch 1000 Unknown 

D6_1 (0.1 mL) 750 Rods + quasispheres Rods 

AR ≈ 9 

D6_2 (0.05 mL) 850 Rods AR ≈ 19; quasispheres 

≈ 65 nm 

D6_3 (0.02 mL) 1000 Rods AR ≈ 17; 

prisms/hexagons ≈ 160 nm 

Table 4-21 Comparison of LSPR peak positions and nanoparticle morphologies between 
batch synthesis (Method 1) and Optimised Design 4 (D6_1 to D6_3) across seed volumes of 

0.1 mL, 0.05 mL, and 0.02 mL.  

In batch synthesis, a 0.1 mL seed volume (Trial 1) resulted in an LSPR peak at 870 nm, 

though no morphological data were available. Reducing the seed volume led to 

progressive redshifts: 950 nm at 0.02 mL and 1000 nm at 0.05 mL. These values are 

consistent with increased anisotropy and suggest the formation of longer nanorods or 

larger anisotropic structures (e.g., nanoprisms or hexagonal plates). 

In the flow experiments, a similar redshift trend was observed across D6_1 to D6_3. 

At the highest seed volume of 0.1 mL (D6_1), the LSPR peak was broad and centred 

around 750 nm, with particles composed of nanorods (AR ≈ 9) and quasispheres. 

Compared to batch, the lower LSPR position may reflect more uniform rod growth and 

the presence of spherical by-products, resulting in spectral broadening and dilution of 

NIR-specific features. 

Reducing the seed volume to 0.05 mL (D6_2) produced a broader LSPR peak centred 

around 850 nm, with a mixture of nanorods (AR ≈ 19) and quasispherical particles 

(~65 nm). This shows enhanced elongation compared to D6_1 and reflects a higher 

anisotropic population contributing to the redshift. The morphology closely mirrors that 

of batch samples at this seed level, although with more defined rod populations. 

In D6_3 (0.02 mL seed), the LSPR peak further redshifted to 1000 nm, consistent with 

the batch equivalent. Morphological analysis revealed nanorods (AR ≈ 17) alongside 

nanoprisms and hexagonal plates (~160 nm). These complex planar and elongated 

shapes are known to produce strong NIR absorption, and their co-existence in flow 

confirms that low seed concentration promotes diverse anisotropic growth. Despite the 

broadness of the spectrum, this experiment most closely matched the batch sample 



156 
 

at 0.05 mL, indicating that Optimised Design 4 can replicate batch-like outcomes while 

maintaining modularity and scalability. 

4.8 Overall discussion 

Chapter 4 presents a comprehensive analysis of several designs and an optimised 

version for the flow synthesis of silver nanoparticles, each assessed based on 

absorption morphology. 

The initial designs (Designs 1 through 4) explored various configurations and 

parameters, providing a foundational understanding of how different variables impact 

nanoparticle synthesis. Design 1 and its modifications demonstrated that varying flow 

rates and reactant concentrations can substantially alter nanoparticle morphology. For 

example, reduced flow rates often result in larger or more elongated nanoparticles, 

suggesting that extended residence times within the reactor promote growth. 

Modifications to Design 1, like pre-mixing reactants, have shown to refine the 

homogeneity of the reaction mix, leading to more consistent nanoparticle 

characteristics. 

Design 2, featuring a t-type reactor, and its subsequent modifications highlight the 

importance of reactor configuration on nanoparticle properties. Design 3 incorporated 

a 3D-printed reactor, allowing an innovative approach to test how slight changes in 

reactor geometry can influence synthesis outcomes. These adjustments have shown 

that even minor tweaks can lead to significant differences in the final product. 

Design 4 took a unique approach by integrating a 3D-printed dual inlet system and 

manipulating dilution levels of seed and NaOH. This design focused on how changes 

in the kinetics of the growth process can be leveraged to produce nanoparticles with 

specific aspect ratios and properties, showcasing the nuanced control offered by flow 

chemistry techniques. 

The optimised design built upon these initial models, incorporating advanced 

adjustments to further refine the synthesis process. Key modifications included precise 

control on flow rates and reagent concentrations, aiming to enhance the absorption 

properties and achieve a more desirable particle size distribution. This design 

employed a 3D-printed mixing reactor to improve mixing efficiency, ensuring more 

uniform conditions throughout the synthesis process. The results from the optimised 
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design, particularly in terms of optical absorption spectra and TEM imaging, show 

marked improvements in the LSPR absorption peaks and more controlled particle 

morphology compared to earlier designs.  

In summary, the progression from initial designs to the optimised setup in Chapter 4 

demonstrates the evolution of flow synthesis in nanoparticle production. Each design 

iteration has contributed to a deeper understanding of the critical factors influencing 

nanoparticle characteristics, culminating in an optimised design that exemplifies the 

potential of flow chemistry to control nanoparticle synthesis efficiently and precisely on 

a scalable level. This series of designs not only illustrates the adaptability and 

versatility of flow synthesis methods but also underscores their importance in the 

continuous development of nanomaterials for advanced applications. 

 

4.9 Conclusions 

The continuous flow synthesis designs explored in this chapter offer a scalable and 

controlled environment for silver nanorod synthesis. Standard and 3D printed y-type 

reactors offered promising results. The flow rates and reagent concentrations can be 

tuned to achieve nanorods that absorb NIR wavelengths. Overall, this chapter 

effectively outlines the transformative impact of flow synthesis on nanoparticle 

production, providing a blueprint for future research and development in the field of 

nanotechnology.  
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Chapter 5 Development of Silver/polymer Nanocomposite 

This chapter is dedicated to the investigation into the formulation and assessment of 

a nanocomposite coating comprising silver nanoparticles and polymer materials. The 

chapter's outset encompasses a concise introduction to the domain of silver-polymer 

nanocomposites. Subsequently, it transitions into an exploration of the synthesis 

procedures, followed by an exposition of the outcomes and a comprehensive 

discourse on the characteristics of the resultant nanocomposite. In a nutshell, the 

methodology entailed the production of nanoparticles through the optimisation of the 

batch synthesis process, subsequent coating with silica, and integration into a 

polymethyl methacrylate (PMMA) matrix. The assessment of this nanocomposite 

encompassed spectrophotometric characterisation and electron microscopy imaging. 

 

5.1 Introduction to metal-polymer nanocomposites 

The introduction of inorganic nanoparticles into a polymer framework can exert a 

notable influence on the characteristics of the matrix [231], [232], [233]. These 

resultant nanocomposite materials have the potential to manifest enhanced attributes 

encompassing optical, thermal, mechanical, electrical, magnetic, and flammability 

properties. The specific attributes of polymer composites are contingent upon a variety 

of factors, including the nature of the integrated nanoparticles, their dimensions and 

morphology, their concentration within the matrix, and their interactions with the 

polymer matrix. Polymers are widely recognised as exceptional host materials for 

metallic nanoparticles. When these nanoparticles are introduced into the polymer 

matrix, the polymer serves as a proficient surface-coating agent. Consequently, the 

resulting nanocomposites have the potential to exhibit enhanced optical 

characteristics. 

Due to their diverse array of attributes, polymer nanocomposites have garnered 

significant attention. These attributes include exceptional performance, enhanced 

properties relative to their constituent elements, versatile design options, and reduced 

life cycle costs. These nanocomposites employ organic or inorganic nanoparticles 

embedded within polymer matrices, yielding novel materials with potential utility in 

catalysis, bioengineering, photonics, electronics, and antibacterial applications [234]. 
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The synthesis of silver-polymer nanocomposites entails the amalgamation of a 

nanoparticle solution with the polymerisation mixture. These versatile materials find 

application in a wide spectrum of fields, including biomedicine, textiles, water 

treatment, food storage containers, household appliances, and medical devices [235]. 

PMMA, classified as an amorphous polymer within the acrylate group, possesses 

superior optical characteristics and demonstrates significant compatibility with human 

tissue [236]. Owing to its pronounced biocompatibility, PMMA is frequently utilised in 

the fabrication of biomedical equipment. Additionally, this polymer can associate with 

metallic nanoparticles, such as silver, leading to an enhancement in their inherent 

features, including mechanical resilience, solubility, and optical attributes. 

 

Figure 5.1. Structures of MMA and PMMA.[237] 

 

The characteristics of these polymer composites are influenced by the specific 

nanoparticles integrated, in addition to their dimensions, morphology, density, and 

synergy with the polymer framework. Within the realm of polymer substances, PMMA 

is renowned for its role as a polymeric glass, boasting a diverse array of uses [237]. 

Employing PMMA often introduces carboxylate functional groups, potentially aiding in 

the chemical linkage with metal ions. Furthermore, PMMA's pronounced solubility in 

solvents such as DMF aids in the potential reduction of silver nitrate when required. 

Silver nanoparticles exhibit distinct optical, electrical, and thermal characteristics as 

discussed in above chapters, leading to their integration into a diverse array of 

products, spanning from photovoltaic systems to bio-chemical sensors. They are 

employed in materials such as conductive inks, pastes, and fillers due to their notable 

electrical conductivity, stability, and reduced sintering temperatures. Furthermore, 

their unique optical attributes are leveraged in molecular diagnostic tools and photonic 

instruments. A growing trend is the deployment of silver nanoparticles in antimicrobial 

coatings. Consequently, numerous items, including textiles, keyboards, wound care 
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products, and biomedical equipment, have been embedded with silver nanoparticles 

that perpetually emit a minimal quantity of silver ions, offering antibacterial protection. 

Silver nanoparticles (AgNPs) have demonstrated the capability to create hybrid 

materials in conjunction with various polymers, including but not limited to polyvinyl 

alcohol, polypyrrole, polyvinylidene fluoride, chitosan, and cellulose [238]. The 

synthesis of polymer-silver nanocomposites necessitates precise control over the 

nanoparticle size within the polymer matrix, as well as the attainment of a uniform 

distribution of these nanoparticles throughout the polymer matrix. 

Numerous endeavours have been made to formulate silver nanoparticles incorporated 

within PMMA. Typically, in these approaches, silver ions are introduced to the polymer 

framework and are then transitioned to a zero-valence state either through thermal 

processing or by employing a reducing agent [239], [240]. Agents utilised for the 

reduction of silver ions within the polymer structure encompass hazardous chemicals 

such as dimethylformamide (DMF), hydrazine, and sodium borohydride [241], [242]. 

Noble metal particles embedded within an insulating matrix, whether composed of 

oxides or polymers, hold broad applicability. Beyond their optical use as bandpass 

filters, there is a notable focus on achieving an optical absorber that spans from the 

visible to the far-infrared (far-IR) region for diverse applications, particularly in the 

realm of solar energy absorption [243]. 

When nanoparticles are embedded within a dielectric matrix and exposed to light, the 

electric vector of the electromagnetic wave triggers oscillations in charge density 

corresponding to the plasmon frequency (νp) of the metal particles. This phenomenon 

results in the potent absorption of light at a specific wavelength (λp = c/νp, where 'c' 

represents the speed of light) [244]. This light absorption, coupled with ensuing surface 

plasmon oscillations, engenders a significantly amplified electric field (up to 

approximately 50 times greater than the externally applied field) within the 

nanoparticles and the interparticle gaps [245]. Particularly, elongated particles are 

anticipated to exhibit notably enhanced electric field amplification compared to 

spherical nanoparticles. 

In cases where the metal volume fraction forms a fractal-percolating network due to 

the amalgamation of metal particles, the surface plasmon resonance can extend into 

the far-IR region [239]. It is technologically pivotal to attain light absorption across a 
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broad spectrum, spanning from the visible to the infrared region. This holds 

significance for applications like high-efficiency solar cells with absorption capabilities 

ranging from 330 to 2500 nm, infrared photodetectors, sensors, and solar control 

glazing windows [246], [247].  

 

5.2 Materials and methods 

5.2.1 Materials 

For the synthesis of silver nanoparticles, silver nitrate (AgNO3, 99.995%), 

cetyltrimethylammonium bromide (CTAB, 99%), sodium borohydride (NaBH4, 99%), 

L-ascorbic acid (AA, 99%), and sodium hydroxide (NaOH, 99%) were procured from 

reputable suppliers, specifically Fisher Scientific and Sigma Aldrich, and were 

employed without the need for additional purification steps. Millipore water was utilised 

in the synthesis process. All glassware utilised in the experiments was subjected to a 

rigorous cleaning protocol involving treatment with aqua regia, thorough rinsing with 

double-distilled water, and subsequent drying before their utilisation in the synthetic 

procedures. Silver nitrate and silver nanoparticle containers were covered with 

aluminium foil throughout the experiments to reduce photo-oxidation. 

For the subsequent steps to develop the nanocomposite, various reagents were 

acquired from trusted sources. These reagents encompassed tetraethyl orthosilicate 

(TEOS), 6-Mercaptohexanoic acid (MHA), methyl methacrylate (MMA) with a minimal 

quantity of monomethyl ether of hydroquinone (MEHQ) as an inhibitor (present at 

concentrations below 30 ppm), and a 40 wt.% solution of dimethylamine in H2O (DMA), 

all of which were obtained from Sigma-Aldrich (Merck, UK). Azobisisobutyronitrile 

(AIBN) was procured from Molekula (UK). Additionally, Polydimethylsiloxane (PDMS) 

monomer and its corresponding curing agent (bought as SYLGARD™ 184 Silicone 

Elastomer Kit), were sourced from Dow Corning (USA). These chemicals were utilised 

in their original, unaltered form, except for MMA, which underwent purification to 

eliminate the inhibitor prior to its utilisation in the polymerisation process. Solvents 

employed in the experimental procedures included chloroform (CHCl3), ethanol 

(EtOH), methanol and toluene. 
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Methyl methacrylate (MMA) underwent polymerisation utilising the UVP Black-Ray B-

100 AP High Intensity UV Lamp (Analytik Jena US). Strict precautions were taken 

during the lamp's operation, and the irradiation process was conducted under a large 

enclosure to prevent the escape of UV radiation. 

Transmission electron microscope (TEM) images were captured using an FEI 

Technai12 TEM, employing an electron acceleration of 120 kV and a tungsten filament 

source. TEM grids (Carbon on Cu, 400 mesh) were procured from Agar Scientific (UK). 

UV-visible-near-infrared (UV-vis-NIR) spectra ranging from 300 to 1400 nm were 

recorded using Avantes Avaspec 2048 (range 200 – 1100 nm) and Avaspec NIR 1.7 

(range 900 – 1700 nm) fibre-optic spectrophotometers equipped with a quartz cell (10 

mm optical path).  

Infrared (IR) spectroscopy was conducted using a Nicolet iS5 FTIR instrument 

equipped with an iD7 ATR diamond crystal Smart Orbit for attenuated total reflection 

(ATR) experiments. 

 

5.2.2 Synthesis of silver nanorods 

In this method, silver nanorods were prepared according to the seed mediated 

synthesis which was optimised in the batch synthesis. The seed solution was prepared 

by mixing 0.01M AgNO3 and 80 μL of 0.1 M CTAB stock solution. This was made up 

to 20 mL with Millipore water and to this 0.6 mL of 0.01 M NaBH4 was added and 

stirred for 2 minutes. The solution was kept undisturbed for 1 hour, before adding to 

the growth solution. To produce silver larger nanorods, 10 mL of a growth solution 

consisting of 0.01M CTAB, 0.25 mL 0.02 M AgNO3 and 0.5 mL 0.1 M ascorbic acid 

was taken. To this, a 0.01 mL of seed solution was added. Finally, 0.10 mL of 1 M 

NaOH was added and shaken gently. The colour of the solution was seen to change 

gradually from yellow to orange, red, blue, and finally to light hay-green (characteristic 

of silver nanorods). The 10 mL colloid was centrifuged at 12000 rpm for 6 minutes to 

remove excess chemicals and smaller nanoparticles. After discarding the supernatant, 

Millipore water was added to achieve a total volume of 10 mL. 
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5.2.3 Coating of silver nanorods with silica 

To prevent the aggregation within the polymeric host, silver nanoparticles were 

enveloped in a silica shell, which serves as an optically transparent protective layer. 

To achieve a sustained dispersion of silica-coated nanorods (AgNR@SiO2) within a 

polymethyl methacrylate (PMMA) matrix, these particles were additionally 

functionalised with allyl groups and underwent polymerisation with methyl 

methacrylate, resulting in the formation of covalent AgNR@SiO2/PMMA composite 

materials. This represents a pivotal advancement in the creation of robust inclusion 

coatings that are both stable and optically transparent. The procedural details for the 

surface coating stages are depicted in Figure 5.2. The successful encapsulation of 

silver nanoparticles with silica has been previously documented in the works of 

Carboni and Kimpton, respectively [247], [248]. In the present investigation, this 

method has been adopted with slight modifications following multiple experimental 

iterations aimed at attaining optimised coating characteristics. 

 

Figure 5.2. A simple depiction of the steps to modify the silver nanorod surface 

 

To the 10 mL AgNR solution obtained in the preceding step, 0.5 mL of a 1 mM 

ethanolic solution of 6-mercaptohexanoic acid (MHA) was introduced and agitated 

using a vortex mixer at a frequency of 10 Hz for a duration of 2 minutes. Subsequently, 

the AgNR/MHA solution underwent centrifugation at 5000 rpm for a period of 10 

minutes to eliminate any excess MHA. The resulting supernatant was meticulously 

decanted, and 1.5 mL of Millipore water was introduced into the mixture. To this 

aqueous phase, 0.034 mL of tetraethyl orthosilicate (TEOS) was carefully injected. 

An ethanolic solution of dimethylamine (DMA@EtOH) was prepared by combining 1 

mL of dimethylamine with 10 mL of ethanol. The AgNR/TEOS composite was then 

introduced into the DMA@EtOH solution and subjected to stirring at 600 rpm for a 

duration of 15 minutes. An additional 5 mL of ethanol was subsequently incorporated 

into the solution, which was then subjected to centrifugation at 5000 rpm for 7 minutes. 
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The supernatant was discarded, and the resulting residue was subjected to sonication 

in 10 mL of ethanol for a period of 5 minutes. Following this, the solution was subjected 

to centrifugation once more, this time at 3000 rpm for 6 minutes. After discarding the 

supernatant, 1.5 mL of ethanol was added to the remaining precipitate, which was 

subsequently subjected to sonication for a period of 5 minutes. The AgNR@SiO2 was 

ready for the next step. 

 

5.2.4 Development of AgNR@SiO2/PMMA nanocomposite 

MMA underwent a purification process involving sequential washing steps (5-6) with 

a 0.5 M sodium hydroxide (NaOH) solution, followed by desiccation with sodium 

sulphate (Na2SO4). The resultant MMA was subsequently filtered and stored at a 

temperature of +4 °C. 

In the initial phase, 0.028 g of azobisisobutyronitrile (AIBN) was meticulously weighed 

in a glass vial, and 0.75 mL each of MMA and toluene were combined. Notably, the 

amount of AIBN utilised, specifically 0.028 grams, corresponded to a 4% weight-to-

weight (w/w) ratio concerning MMA (in 0.75 mL, there is 0.702g of MMA). This 

proportion was found to be optimal following an assessment of a range spanning from 

1% to 10%. 

Subsequently, varying volumes of the silver nanorod solution were incorporated, 

ranging from 1% to 20% v/v, where, for instance, a 10% inclusion would translate to 

0.075 mL of the as prepared AgNR@SiO2 solution from silica coating step. To mitigate 

oxygen interference, the solutions were subjected to a 5-minute argon degassing 

process. Following this, the solutions were exposed to ultraviolet (UV) irradiation 

emanating from a 100W UV lamp operating at a wavelength of 365 nm. An irradiation 

duration of 2 hours proved sufficient for the polymerisation of MMA.  

To illustrate the surface functionalisation pathway employed in this study, Figure 5.3 

presents the stepwise mechanism for modifying silver nanorods (AgNRs) to enable 

silica coating and integration into a PMMA matrix. The process begins with the 

displacement of the native CTAB surfactant layer using 11-mercaptoundecanoic acid 

(MHA), followed by the deposition of a silica shell via tetraethyl orthosilicate (TEOS) 

condensation, and final dispersion within poly(methyl methacrylate) (PMMA). 
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Figure 5.3. Schematic representation of surface modification of silver nanorods. The process 
involves thiol-based ligand exchange with MHA, silica coating through TEOS hydrolysis and 

condensation, and final dispersion in PMMA. 

The surface modification proceeds in four stages: 

• CTAB capping: As-synthesised nanorods are stabilised by a bilayer of (CTAB), 

which binds to the silver surface through electrostatic interactions (Figure 5.3a).  

• MHA Functionalisation: To enable further surface chemistry, CTAB is replaced 

with 11-mercaptoundecanoic acid (MHA), a bifunctional molecule possessing a 

thiol (-SH) group and a terminal carboxyl (-COOH) group. The thiol moiety 

forms a strong covalent bond with the Ag surface, displacing CTAB through 

ligand exchange (Figure 5.3b).  

• Silica coating via TEOS: Using the carboxyl-rich MHA surface as a scaffold, 

tetraethyl orthosilicate (TEOS) is hydrolysed in situ to initiate silica (SiO₂) shell 

formation via condensation reactions (Figure 5.3c). This step enhances particle 

stability, optical tunability, and compatibility with a wide range of solvents and 

polymers. Silica shells also provide a physical barrier against aggregation or 

reshaping. 

• Embedding in PMMA: The silica-coated nanorods are physically dispersed in a 

PMMA solution (Figure 5.3d). 
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5.2.5 Preparation of PDMS mould and nanocomposite film 

Thin films of the AgNR@SiO2/PMMA nanocomposite were prepared by casting the 

polymer solution into a mould comprising a PDMS-glass slide assembly. PDMS sheet 

of approximately 2mm thickness featuring square/rectangle sections precisely cut into 

it was firmly pressed against a glass slide to make the moulds, and the slide was 

cleaned and dried prior to pouring the polymer solution (see example shown in Figure 

5.4). The solutions were formulated by dispersing the composite solution in 

chloroform.  

To enhance the homogeneity of the films, the mould orifices were covered with watch 

glasses to retard the chloroform's evaporation process. Films that were allowed to 

evaporate without the watch glasses exhibited a fractured and undulating surface. The 

polymer solution was left undisturbed overnight. Next day, the PDMS sheet could be 

gently peeled away, leaving the nanocomposite film on the slide. Polymer films were 

synthesised using a 10-30% v/v ratio (in reference to chloroform) solution of 

AgNR@SiO2/PMMA containing varying quantities of silver nanoparticles (2%, 5%, 

and 10%). Employing more diluted mixtures led to the delamination of the PDMS film 

due to penetration at the juncture between the glass slide and the PDMS. Conversely, 

a polymer concentration exceeding 30% culminated in a film exhibiting an 

exceptionally dark hue, akin to deep black. 

 

Figure 5.4. Example of a glass slide-PDMS mould 
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5.3 Results and discussion 

5.3.1 AgNR synthesis 

The characterisation of the fabricated silver nanorods using spectrophotometry, taken 

at three distinct coating phases, is depicted in Figure 5.5. These nanoparticles display 

a pronounced SPR peak (indicated by the continuous blue line) approximately at 1060 

nm. Results derived from TEM imaging reveal elongated nanorods with dimensions 

ranging from 350 to 400 nm in length and possessing an aspect ratio of about 7.6. 

Additionally, the synthesis also contained nanoparticles that deviated from the typical 

rod-like shape. The pronounced dimensions of the nanorods contribute to the 

observed absorbance within the NIR spectrum. These findings align with anticipations 

based on prior synthesis experiments documented in chapter 3. 

Addition of MHA resulted in a slight blue-shift of absorbance. MHA molecules have a 

thiol (-SH) functional group that can bind strongly to the silver nanoparticle surface. 

This can lead to the displacement or exchange of the original capping agents or 

ligands on the nanoparticle surface. The exchange of ligands alters the surface 

chemistry of the silver nanoparticles. MHA molecules have a longer and more flexible 

structure compared to many other ligands, and they can effectively passivate the 

nanoparticle surface. This change in surface chemistry can affect the electron density 

and distribution on the nanoparticle's surface. The surface plasmon resonance of 

silver nanoparticles is highly sensitive to the local environment and the electron density 

on the nanoparticle's surface. When MHA replaces other ligands, it can lead to 

changes in the electron density distribution on the nanoparticle's surface, which in turn 

affects the plasmon resonance. The interaction of MHA with the silver nanoparticles 

resulted in a blue-shift of the absorbance maximum peak. This blue-shift is indicative 

of changes in the resonance conditions, which can be attributed to the altered surface 

properties caused by MHA. 
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Figure 5.5. Normalised absorbance spectra for silver nanoparticles  

 

 

Figure 5.6. TEM image of silver nanoparticles prepared for AgNR/PMMA synthesis 

 

5.3.2 AgNR coating with silica 

The encapsulation of nanoparticles with silica shells has been successfully 

demonstrated with various metallic nanoparticles, including silver. Coating these 

nanoparticles with silica offers several compelling advantages. Firstly, the silica shell 

provides enhanced stability, safeguarding the metallic core from external 

environmental factors and possible degradation. Secondly, the transparency of the 

silica shell allows for accurate optical measurements without significant interference. 

Lastly, a silica surface presents opportunities for further functionalisation through sol–

gel chemistry, broadening the potential applications and adaptability of these 

nanoparticles. 
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The methodology for coating adopted in this study draws inspiration from the works of 

Carboni and Kimpton, albeit with a few modifications [247], [248]. To ensure the 

effective growth of the silica shell, the silver nanorods (AgNRs) were first stabilised 

using a surface functionalisation process with mercaptohexanoic acid. This was 

followed by introducing the nanoparticles into a TEOS solution, where dimethylamine 

(DMA) acted as a catalyst, resulting in the formation of AgNR@SiO2. A distinction in 

the current approach from that of Carboni’s was the exclusion of allyl-triethoxysilane 

(ATES). 

Upon examining the absorbance spectrum of the AgNR@SiO2, as depicted in Figure 

5.5 (gray dashed curve), a distinct red-shift in absorbance was observed. This 

phenomenon, consistent with previous studies, indicates the influence of the silica 

coating, which shifted the peak position by approximately 65 nm. This additionally 

shifts the absorbance towards longer wavelengths, suggesting that these 

nanomaterials hold potential for applications in near-infrared nanocomposites 

intended for signature suppression objectives. 

The effective creation of the silica shell on the nanoparticles is further evidenced by 

TEM images (shown in Figure 5.7). These images not only displayed a uniform 

thickness of the silica coating on the AgNRs but also revealed the presence of some 

silica nanoparticles devoid of the silver core, suggesting a potential versatility in the 

synthesis process that could be harnessed for varied applications in the future.  

 

Figure 5.7. TEM results showing silver nanorods coated in a silica shell. 
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5.3.3 AgNR@SiO2-PMMA nanocomposite 

Integrating allyl-groups to AgNR@SiO2 is imperative for the generation of robust 

polymer inclusion frameworks. This is achieved through the covalent bonding of the 

AgNRs to the polymer lattice, which also augments the distribution of AgNRs within 

the matrix. The AgNR@SiO2/PMMA composite was formulated by developing the 

polymer while incorporating diverse quantities of AgNR@SiO2. An ideal concentration 

was determined to be between 10-25%(vol) for the composites, yielding films 

characterised by consistent thickness and commendable transparency in the visible 

range. 

Optical assessment of the AgNR@SiO2/PMMA nanocomposites was executed in their 

solution state. The absorbance spectra, shown in Figure 5.8, illustrate a correlation 

between enhanced absorbance intensity and the increase in the content of 

AgNR@SiO2. A composite with 10% loading exhibited pronounced absorbance at 

extended wavelengths (around 1150 nm). This absorbance intensity witnessed a 

decline with decreased loadings at 5% and 2%. The absorbance properties of PMMA 

were also analysed (indicated by the blue curve) and served as a reference for 

evaluating absorbance in AgNR@SiO2/PMMA nanocomposites. 
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Figure 5.8. Absorbance spectra AgNR/PMMA nanocomposites 

 

5.3.4 AgNR@SiO2-PMMA nanocomposite FTIR 

Poly (methyl methacrylate) (PMMA) is a widely used polymer with myriad applications 

ranging from optical devices to biomedical implants. The incorporation of 

nanoparticles, like silver, can potentially augment the material properties of PMMA.  

Fourier Transform Infrared Spectroscopy (FTIR) was conducted to elucidate the 

structural ramifications of incorporating silver nanorods into a PMMA matrix. The FTIR 

spectra of prepared PMMA, PMMA with 5% AgNRs, and PMMA with 10% AgNRs were 

meticulously compared to discern the molecular interactions and structural nuances 

induced by the AgNRs. Figure 5.9, Figure 5.10 and Figure 5.11 show the FTIR results 

for the PMMA and AgNR/PMMA nanocomposites.  

Across all spectra, peaks around ~2950 cm−1 and ~2995 cm−1 were consistently 

observed. These are indicative of C-H stretching vibrations from the methyl (CH3) and 

methylene (CH2) groups inherent to PMMA. The consistent manifestation of these 

peaks across the samples underscores that the aliphatic hydrocarbon structure in 

PMMA remains largely unscathed by the integration of AgNRs. 
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A pronounced peak, emblematic of the carbonyl (C=O) stretching vibration, was 

identified at ~1722 cm−1 in all the spectra, underscoring the preservation of the ester 

functionality in PMMA, irrespective of nanoparticle incorporation. 

Peaks situated at ~1434 cm−1 and ~1386 cm−1, attributed to the C-H bending vibrations 

of the methyl group in PMMA, manifested consistently across the samples. 

The presence of a peak at ~1239 cm−1, typically resonating with the C-O stretching 

vibration of ester groups, was uniformly identified across the spectra. 

Peaks discerned at ~1143 cm−1 and ~1061 cm−1, potentially attributable to the C-C 

stretching of the polymer backbone and the C-O-C stretching vibrations, respectively, 

were evident in all spectra. 

A unique peak at ~1506.89 cm−1, absent in the pure PMMA spectrum but conspicuous 

in both the 5% and 10% AgNRs spectra, suggests an interaction or molecular motif 

attributable to the silver nanoparticles. 

Peaks residing below 1000 cm−1 in the spectra remained analogous across the 

samples, affirming that the foundational structure of PMMA remains intact upon 

nanoparticle inclusion. 

The FTIR spectral analysis divulged that PMMA's intrinsic chemical structure remains 

predominantly unaltered with the introduction of silver nanoparticles, albeit the 

appearance of new peaks suggestive of interactions or associated molecular 

structures from the nanoparticles. A more granular study, especially focusing on peak 

intensities and widths, could provide further insights into the concentration-dependent 

effects of the nanoparticles. 
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Figure 5.9. FTIR spectrum of PMMA 
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Figure 5.10. FTIR spectrum of AgNR/PMMA nanocomposite containing 5% AgNRs 
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Figure 5.11. FTIR spectrum of AgNR/PMMA nanocomposite containing 10% AgNRs 

 

5.3.5 Novelty and contribution of the work 

The work presented in Chapter 5 introduces a novel multi-stage integration strategy 

for silver nanorods into a polymeric matrix, demonstrating several key innovations over 

conventional approaches. Firstly, rather than relying on in situ reduction of silver ions 

within the polymer (which often yields polydisperse spherical particles), this study 

utilised pre-synthesised, highly anisotropic silver nanorods, optimised under controlled 

seed-mediated growth [249]. These nanorods were then successfully encapsulated 

with uniform silica shells, enhancing both their colloidal stability and compatibility with 

PMMA. 

Secondly, the surface modification pathway employed – involving thiol-based ligand 

exchange using MHA, followed by TEOS-driven silica deposition, and final dispersion 

within a UV-polymerised PMMA matrix – enabled strong interfacial integration while 

preserving the plasmonic properties of the nanorods. This approach avoids the use of 

hazardous reducing agents like hydrazine or DMF and provides an optically 
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transparent matrix suitable for flexible applications in NIR filtering, sensors, and optical 

coatings. 

Finally, the study introduced systematic control of nanorod loading (2%–10% v/v) 

within the PMMA, supported by quantitative absorbance and FTIR analyses. The 

resulting composites demonstrated tuneable NIR absorbance up to 1150 nm, which 

surpasses values typically reported for random in situ nanoparticle formation in 

polymers. This combination of morphological control, scalable surface chemistry, and 

matrix compatibility represents a distinct advancement in the fabrication of metal-

polymer nanocomposites, offering a reproducible and safe route to functional NIR-

active materials. 

 

5.4 Conclusions and future research directions 

The pursuit of developing a nanocomposite comprising silver nanoparticles and 

polymer materials has yielded a substantial body of knowledge regarding the 

intricacies of nanoparticle synthesis, surface modification, and their integration into a 

polymer matrix. The foundational comprehension of metal-polymer nanocomposites, 

expounded upon in Section 6.1, lays the groundwork for the comprehensive 

examination of silver nanorod synthesis. Utilising a seed-mediated approach, the 

study successfully synthesised silver nanorods characterised by distinctive 

dimensions, which in turn exhibited unique absorbance properties within the near-

infrared (NIR) spectrum. 

Furthermore, the process of coating these nanorods with silica, as elucidated in 

Section 6.2.3, marked a pivotal advancement. This encapsulation not only prevented 

the aggregation of nanoparticles but also facilitated their seamless incorporation into 

the polymethyl methacrylate (PMMA) matrix. The subsequent creation of the 

AgNR@SiO2/PMMA nanocomposite material and its thorough characterisation 

underscored the potential utility of this nanocomposite in diverse applications. 

Optical assessments provided valuable insights into the correlation between the 

AgNR@SiO2 content and absorbance intensity. The notable absorbance observed at 

extended wavelengths, particularly in the case of the 10% loading, accentuates the 
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applicability of these nanocomposites in specialised domains where such optical 

characteristics are desired. 

In summary, the exploration and discoveries outlined in this chapter demonstrate the 

capability and potential of silver/polymer nanocomposites within the realm of advanced 

materials. The meticulous synthesis process, coupled with comprehensive 

characterisation, opens up promising avenues for future research and potential 

applications in fields that necessitate enhanced optical, thermal, and mechanical 

properties. The adaptability of these nanocomposites, combined with opportunities for 

further refinement, positions them at the forefront of next-generation material 

development. 

The successful development and characterisation of the silver/polymer 

nanocomposite have laid a solid foundation for numerous avenues of future research 

and applications. Here are some proposed directions for continued exploration: 

• Optimisation of synthesis protocols: While the current synthesis approach has 

yielded promising results, there is always room for refinement. Future works 

could focus on optimising the synthesis conditions to produce silver nanorods 

with even more uniform dimensions, higher yields, and improved stability. 

• Exploration of different polymers: While PMMA served as an excellent matrix 

for the current nanocomposite, the exploration of other polymer matrices might 

lead to nanocomposites with distinct and potentially enhanced properties. 

Polymers with different mechanical, thermal, or optical attributes could be 

investigated. 

• Functionalisation of nanorods: The current work employed MHA for surface 

modification. Future research could delve into the use of other functional groups 

or molecules to modify the surface of the nanorods. This could lead to 

nanocomposites with tailored properties, catering to specific applications. 
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Chapter 6 Conclusions 

The comprehensive research on the synthesis of silver nanoparticles (AgNPs), with a 

special emphasis on silver nanorods (AgNRs), presented in this thesis, encapsulates 

significant advancements in nanoparticle technology through both batch and flow 

synthesis methods, along with the innovative development of silver/polymer 

nanocomposites. Each synthesis technique has been meticulously studied to optimise 

the properties of AgNPs for varied applications, reflecting substantial contributions to 

the field of nanotechnology. 

 

1. Batch synthesis of silver nanoparticles 

The batch synthesis of AgNPs, primarily focusing on the seed-mediated growth 

approach, was explored extensively. This method involved the nucleation of initial 

seed particles followed by their growth through the gradual addition of AgNO3, and a 

reducing agent in the presence cetyltrimethylammonium bromide (CTAB). The 

research has effectively demonstrated that the morphology, specifically the aspect 

ratio and size of AgNRs, can be finely tuned by adjusting the concentration ratios of 

reagents in the growth solution. Key results have shown that higher aspect ratios, 

desirable for applications such as plasmonic sensors and optical devices, can be 

achieved under controlled pH level and concentrations of the capping agent. These 

findings highlight the critical influence of synthesis conditions on the quality and 

functionality of nanoparticles. Both methods employed in the batch synthesis were 

optimised for synthesis of silver nanorods that absorb NIR wavelengths. 

Furthermore, the optimal parameters offered the basis for tackling the scalability 

issues providing a transition into the exploration of continuous flow synthesis as a 

means to address these challenges. 

 

2. Continuous flow synthesis 

The development and optimisation of a continuous flow synthesis method for AgNPs 

represent a significant advancement in this research. By employing microreactor 

technology, this method facilitates a more controlled reaction environment, which 

enhances the reproducibility and scalability of nanoparticle production. Experimental 
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results from the continuous flow synthesis indicated that anisotropic silver 

nanoparticles can be synthesised using the reactor designs employed in this project.  

The ability to maintain constant reaction conditions mitigated the common 

discrepancies observed in batch reactions, leading to a more consistent quality of 

nanoparticles. Moreover, the continuous flow methods can offer enhanced efficiency 

in material usage and energy consumption, aligning with the principles of green 

chemistry by minimising waste and reducing the environmental footprint of 

nanoparticle synthesis. 

 

3. Development of silver-polymer nanocomposites 

Building on the synthesised AgNRs, the research also explored nanocomposite 

development, specifically integrating AgNRs into polymethyl methacrylate (PMMA) 

matrices. This approach aimed to harness the unique properties of AgNRs, including 

their enhanced optical properties, to improve the functionality of the polymer matrix. 

The nanocomposites were prepared by embedding silica-coated AgNRs into the 

PMMA matrix, which provided a stable and dispersed phase of nanoparticles within 

the polymer. Characterisation of the AgNR/PMMA nanocomposites revealed 

significant enhancements in their optical absorption properties, particularly in the near-

infrared (NIR) region. This is crucial for applications such as NIR shielding materials 

and advanced photonic devices.  

 

4. Overall project conclusions and comparative evaluation 

This project systematically addressed the synthesis of anisotropic silver 

nanostructures with NIR absorption capabilities, aligning with the demands for 

spectrally selective materials in defence and photonic applications. A comprehensive 

comparison between batch and continuous flow synthesis methods revealed distinct 

advantages and limitations inherent to each approach. Batch synthesis (Chapter 3), 

while accessible and versatile for parameter screening, was limited by poor 

reproducibility, batch-to-batch variability, and challenges in scaling. In contrast, 

continuous flow synthesis (Chapter 4) offered improved control over reaction kinetics, 

precise tuning of residence time, and scalability — essential for translating laboratory 

protocols to industrial-level manufacturing. These advantages were particularly 
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evident in the later optimised flow designs (Designs 5 and 6), where high aspect ratio 

nanorods with LSPR values exceeding 900 nm were synthesised with reproducibility 

and control exceeding their batch equivalents. 

This research has demonstrated novelty in several aspects: (i) the development of 

bespoke 3D-printed reactors enabling modular mixing and inline monitoring; (ii) the 

correlation between reactor geometry, flow regime, and nanoparticle anisotropy; and 

(iii) the integration of silica-coated Ag nanorods into PMMA to create NIR-absorbing 

nanocomposites. The early-stage challenges identified in Chapter 1—namely, the 

difficulty of controlling nanorod aspect ratio, reproducibility of synthesis, and 

scalability—have been to an extent addressed through this dual-pronged approach. 

Furthermore, this work provides one of the few detailed comparisons of UV-vis spectra 

with TEM-derived morphologies for both batch and flow methods, validating LSPR as 

a reliable proxy for nanoparticle shape control. The integration of flow-synthesised 

AgNRs into polymers further extends the applicability of the platform, demonstrating 

the readiness of these materials for advanced infrared absorption applications. 
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Chapter 7 Future Recommendations 

Based on the comprehensive analysis and results obtained from the synthesis of silver 

nanoparticles (AgNPs), particularly silver nanorods (AgNRs), using both batch and 

continuous flow methods, as well as the development of silver/polymer 

nanocomposites, several recommendations can be suggested for future research in 

this promising area of nanotechnology. 

 

1. Advanced control and optimisation of synthesis parameters 

Future studies should be directed towards refining control over the synthesis 

parameters which influence morphology and functional properties of AgNPs. Much 

development in the control of these parameters has been achieved, but the subtle 

interplay of such factors as reactant concentration, , pH, and reaction kinetics provides 

vast area for exploration. Further research includes exploring the effects of varying the 

concentrations of silver nitrate, reducing agents, and capping agents in both batch and 

continuous flow methods.  

 

2. Exploration of new reducing and capping agents 

The impact of reducing and capping agents on the quality and functionality of AgNRs 

has been highlighted in the current research. Exploring new and cost-effective 

reagents could not only enhance the chemistry aspects of nanoparticle synthesis but 

also open up new pathways for the synthesis of nanoparticles with unique properties. 

It would be useful to study green reagents that are environmentally friendly. Bio-based 

agents derived from plant extracts or biopolymers could offer sustainable alternatives 

to conventional chemical agents, potentially introducing new functionalities to the 

nanoparticles. 

 

3. Scale-up considerations for flow synthesis systems 

If additional time and resources were available, a major area of future development 

would focus on designing a continuous flow system capable of true scale-up for 

industrial production of anisotropic silver nanoparticles. While the modular systems 
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developed in this study demonstrated reproducibility and tunability on the laboratory 

scale, further optimisation is needed for larger-scale manufacturing. 

A key consideration for scale-up is the transition from millifluidic reactors to mesofluidic 

or parallelised systems, which maintain the advantages of laminar flow and high 

surface area-to-volume ratios, while increasing overall throughput. This could involve 

the parallel integration of multiple modular units, allowing uniform product formation 

while avoiding the clogging and complexity associated with microfluidic scaling. 

Future systems should also incorporate automated feedback control using real-time 

UV-Vis or inline spectroscopic monitoring to dynamically adjust flow rates and reagent 

concentrations. This would support consistent product quality under continuous 

production and allow for real-time process corrections. 

Finally, integration with downstream processing, such as inline silica coating, 

purification, or direct casting into polymer matrices, would represent a significant step 

toward scalable nanocomposite production. This vision aligns with current trends in 

flow chemistry for nanomaterials and would enable the translation of lab-scale 

precision into commercially viable processes. 

 

4. Long-term stability and storage of nanoparticles 

The stability of AgNPs, especially in various environmental conditions and over long 

periods, is critical for their commercial use. Research into the mechanisms of 

nanoparticle aggregation and sedimentation can lead to better preservation 

techniques and formulations. Encapsulation or surface modification strategies could 

be explored to enhance the stability and extend the shelf life of nanoparticle 

suspensions. 

 

5. Development and testing of AgNP/polymer nanocomposites 

While the initial results from the development of AgNR/PMMA nanocomposites are 

promising, comprehensive testing of these materials under real-world conditions is 

needed. Future studies should assess the durability, functionality, and environmental 

impact of these composites. Additionally, exploring a wider range of polymer matrices 
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and nanoparticle loadings could yield materials with tailored properties for specific 

applications, such as flexible electronics, or optically active coatings. 

 

6. Environmental and health impact studies 

As the application fields for AgNPs expand, so does the need to understand their 

environmental and health impacts. Future research should include detailed 

toxicological studies and environmental impact assessments, especially for 

applications that might lead to direct or indirect human exposure to nanoparticles. 

Developing guidelines for the safe production, handling, and disposal of nanoparticles 

is imperative to ensure that the benefits of nanotechnology do not come at an 

unacceptable cost to health and the environment. 

These recommendations aim to build on the current findings and push the boundaries 

of what is possible with AgNPs, ensuring their safe, effective, and sustainable use 

across various domains. 
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Appendix A Details of Flow Synthesis Designs 
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Design 2 reactor 
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Design 3 reactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All dimensions in mm 
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Design 4 reactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All dimensions in mm 
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Modular mixing reactor 

 

 

 

 

 

 

 

All dimensions in mm 
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