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Abstract: This dissertation focuses on the solution-based synthesis of one-dimensional 

(1D) silver nanostructures (mainly silver nanowires) using green, sustainable, and cost-

efficient materials and processes, and application of 1D silver nanostructures in 

conductive inks formation for printed circuit boards (PCBs) application. Conventional 

chemical and physical processes used for the synthesis of metallic nanostructures, in 

general, suffer from hazardous waste production, usage of unsustainable reagents, high 

energy consumption, and high production cost. However, recent research proves that 

plant-based products such as polyphenols can serve as proper alternatives (as the 

reducing/capping/stabilizing agents) to produce nanostructures with different sizes and 

morphologies, if the process parameters are controlled properly. In such processes, 

hazardous waste production can be significantly limited if not eliminated, and energy 

consumption can be minimized. This research firstly investigates the synthesis of silver 

nanostructures with different sizes and morphologies by sustainable and environmentally-

friendly—aka. “green”—reagents (reducing/capping agents), and discusses possibilities 

for the green synthesis of 1D silver nanostructures, such as silver nanowires (AgNWs). 

Afterward, a novel procedure for the synthesis of AgNWs, with moderate yield (~50%), 

using tannic acid in a batch process is introduced. Then, the effect of different parameters 

such as pH, silver precursor/reducing agent concentration ratio, light, and stirring rate on 

the yield of silver nanowires, and the size and morphology of silver nanostructures, was 

investigated. The synthesis procedure is then tried in a continuous millifluidic reactor to 

increase the yield of silver nanowires by ~32%. The millifluidic process can improve 

mass and heat transfer, thanks to its miniaturized environment, and a more consistent 

control over the size and morphology of nanostructures. The silver nanowires synthesized 

using tannic acid were then used for conductive ink preparation. The rheological behavior 

of the conductive ink was investigated, which provides valuable information about the 

flow of the ink and its behavior during screen printing and direct writing. It was 

demonstrated that the direct writing method can be a simple and efficient procedure to 

print silver nanowire-based conductive ink. The environmentally-friendly, sustainable, 

and inexpensive synthesis of AgNWs, and the direct-write printing process, can 

significantly reduce the production cost of silver nanowire-based PCBs. 
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CHAPTER I 
 

 

PREFACE 

 

With nanotechnology being at the forefront of novel science and interdisciplinary areas including 

materials science, engineering, and chemistry, the synthesis/production process of nanomaterials 

from raw materials is a crucial aspect to be considered. Despite noticeable advancements in the 

field of nanomaterials science, there are still many issues and challenges that need to be addressed 

fundamentally as the field itself is still in its infancy, and there is substantial room for 

development. I, as a researcher in this field focusing on silver nanostructures synthesis, have 

attempted to address some of the considerable challenges by offering improved methods that are 

scalable, simpler, more cost-efficient, and more sustainable compared to conventional methods. I 

will discuss each of the challenges in detail, and propose the proper tools and methods to address 

such challenges in each chapter. This dissertation includes 6 chapters considering the 

“PREFACE” (Chapter I) and “CONCLUSION” (Chapter VI) chapters. Chapters II1 ,III2, and IV3 

are published articles in peer-reviewed journals. The second chapter is a published work in the 

Beilstein Journal of Nanotechnology, and third and fourth chapter are published in Colloids and 

Surfaces A: Physiochemical and Engineering Aspects.    

One of the major challenges in the area of nanomaterials synthesis, especially in the industrial 

sector, is the lack of a sustainable and environmentally-friendly production/development 

processes. 
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Most nanomaterial-producing processes, in the case of solution-based synthesis, use unsustainable 

materials (i.e. reagents), that are commonly derived from fossil-fuel products. In addition, many of 

such reagents are harmful to the environment, and therefore handling their waste after the synthesis 

process is a credible challenge. Another challenge is energy consumption per process, which can 

increase energy costs for large-scale industrial production. 

Another challenge is a weak atom economy. Atom economy is considered as the capability of a 

chemical reaction to convert the reactant atoms into products, without resulting in unwanted 

byproducts. If the reaction is efficient and produces minimal waste, it has high atom economy. These 

challenges can be overcome by using sustainable, renewable, and natural products in the synthesis 

process of nanomaterials such as metal nanostructures. The second chapter in this dissertation 

discusses this matter in detail and offers sustainable alternatives that can be easily developed, 

especially for the synthesis of silver nanostructures.  

Despite all the advantages of sustainable process development in metal nanostructure synthesis, a 

common challenge is the lack of control over the size and morphology of synthesized nanostructures, 

which occurs due to the complexity of sustainable and renewable (i.e. plant-based) products. The 

third chapter offers a novel “batch synthesis” method for the synthesis of silver nanowires (AgNWs) 

in an environmentally-friendly, sustainable, and an inexpensive manner. This method is carried out by 

using tannic acid, a natural, plant-based, and renewable reducing agent, that is inexpensive and 

imposes no hazards to the environment. It is also demonstrated that tannic acid can be used as both 

the reducing and capping agents simultaneously, and how different parameters can be tuned to 

increase the yield of silver nanowires (portion of nanostructures with nanowire morphology with 

respect to other morphologies).   

A major challenge that can arise from “batch synthesis” methods, including the one discussed in the 

third chapter, is the lack of proper mixing due to large diffusion periods, which can lead to 
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nanostructures with non-uniform morphologies and wide size distribution. The lack of mixing may be 

compensated in a more miniaturized environment (such as in a milli/micrometer-size fluidic channel), 

where mass and heat transfer are more efficient. The fourth chapter in this dissertation offers a 

process for the production of AgNWs using tannic acid by using a helically-coiled millifluidic 

reactor. It is demonstrated that the millifluidic reactor, thanks to its more efficient mass and heat 

transfer, can provide better mixing and increase the yield of AgNWs in the process. 

Finally, the application of sustainably-synthesized AgNWs in printable conductive inks are 

investigated in chapter 5. Printable silver nanowire-based conductive inks are useful for 

manufacturing wearable electronics. A crucial aspect of such conductive inks is their rheological 

behavior, and how they behave under different shear stresses in various printing processes. This 

behavior determines the consistency of the printed patterns, and whether they can meet the desired 

standard based on the application. The fifth chapter investigates this rheological behavior for common 

printing processes such as screen printing and direct writing.   

The sustainable, environmentally-friendly, inexpensive, and material-efficient synthesis of AgNWs 

can facilitate their scale-up for industrial manufacturing as well as their applications in different areas 

including but not limited to transparent conductive films and wearable electronics. The proposed 

millifluidic reactor can also be used for the synthesis of other metal nanostructures as well as other 

type of nanomaterials such as protein polymer nanoparticles as I illustrated that in one of my 

published studies in the European Journal of Pharmaceutics and Biopharmaceutics4.  
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CHAPTER II 
 

 

GREEN AND SUSTAINABLE SYNTHESIS of SILVER NANOPARTICLES AND ONE-

DIMENSIONAL SILVER NANOSTRUCTURES: PREFERENCES, METHODOLOGIES, 

POTENTIALS, AND OUTLOOK 

 

2.1. Introduction 

Nanotechnology has been immensely practiced in almost every scientific discipline. 

Nanomaterials have been utilized in innumerable applications due to their unique characteristics. 

Novel successful applications of nanomaterials and nanostructures can be seen in drug delivery 5–

10, nanomedicine 11–14, food packaging 15–17, aseptic procedures 18–20, correlative microscopy 21, 

imaging 22–26, optics 27,28, microelectronics 29–31, three dimensional (3D) printing 31–35, renewable 

energy 36–40, wastewater remediation 41,42, and catalysis 43–47 to name a few. Currently, the success 

of nanotechnology has been proved and the promising outcomes cannot be overlooked; however, 

the main principles behind the production of nanomaterials are yet to be examined more closely 

in terms of economy as well as effects on health and environment. 

Among metal nanostructures, silver nanostructures have demonstrated promising potential in 

many applications and have contributed significantly to the advancement of nanoscience. The 

concept of using silver is not unprecedented; silver was used broadly by many nations and 
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dynasties throughout ancient history. The early applications of silver are dated back to 4000 

B.C.E, by the Caldeans 48, and throughout ancient history, Persians, Romans, Egyptians, and 

Greeks utilized silver for food storage purposes 49. Silver was also extensively used in utensils for 

eating and drinking, most probably due to the antimicrobial activities of silver which were 

discovered by experience during ancient centuries 49. Later on, there were further instances where 

silver was used for medical purposes. For instance, Avi-Cenna applied silver filings for blood 

purification and to inhibit heart palpitations 48. Silver was used in forms of aquatic solutions, 

coins, and plates for aseptic and antibacterial applications, as well as in food and dairy 

preservation up until the 19th century, as it was agreed that food and dairy products kept in silver 

containers lasted longer than those in other types of containers 48. Since then, silver has been and 

is still in use continuously in accordance with the old traditions even today. Although silver has 

proved its potentials and advantages, the functions by which it had become so beneficial were not 

well understood in the past. Nanotechnology has emerged as a means to delve further into the 

usefulness of this precious element. 

Silver nanostructures can be categorized based on their shape and morphology. Different shapes 

and morphologies of silver nanostructures have been synthesized, including cubes 50,51, spheres 52–

54, triangles 55–57, prisms 58,59, sheets 60–62, disks 63,64, rods 65,66, bars 67,68, and wires 69–72.  

Silver nanostructures have been receiving significant attention in the last decades due to their 

improved properties compared to bulk silver and their unique intrinsic characteristics including 

antimicrobial activity, electrical conductivity, thermal conductivity, optical characteristics, and 

mechanical properties. The antimicrobial characteristic of silver nanoparticles (AgNPs) has made 

them highly applicable in the biomedical and therapeutic fields 73–75. Currently, antimicrobial 

AgNPs can potentially act as alternatives for current antibiotics due to increased bacterial 

resistance 75. In addition, the development of new generations of antibiotics is costly, which 

prevents pharmaceutical companies from manufacturing new classes of antibiotics 76,77. 
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Furthermore, the physicochemical characteristics of AgNPs can be tuned in a way to avoid 

cellular toxicity 75,78,79, which facilitates their biomedical applications. The small size of AgNPs 

(<100 nm) allows them to accumulate on the extracellular membrane of the bacteria and penetrate 

inside, which alters the membrane permeability and leads to bacterial death 75,80. Another 

therapeutic approach lies in the bactericidal activity of functionalized silver nanoparticles coated 

on surfaces. This method is applicable in developing aseptic catheters to prevent catheter-related 

infections such as urinary tract and venous infections, and also inhibit the growth of bacterial 

biofilms 18–20.  

AgNPs were also used in developing strong thermally conductive materials. They were used in 

polymer composites to increase thermal conductivity (K) 81,82 for cooling applications in 

electronic equipment. Furthermore, AgNPs have demonstrated unique electrical properties. 

AgNPs coated on polycarbonate substrates were previously used to increase the electrical 

conductivity of polycarbonate composites 83. AgNPs have also demonstrated minimum or no 

adverse effects on mechanical strength when embedded in polymeric materials or composites 84–

86. For instance, the utilization of AgNPs in bone cement is meant to prevent bacterial infection 

while sustaining the mechanical strength of the cement connected to the prosthesis 86. AgNPs 

have also demonstrated significant optical properties. They possess substantial characteristics of 

surface plasmon resonance (SPR) and generally have a broad absorption spectrum 87. This 

enables applications in optoelectronics and surface-enhanced Raman scattering 88,89. AgNPs were 

also applied effectively in solar cell matrices 36,90,91. AgNPs can enhance the current density in 

solar cells due to their far-field effect and localized surface plasmon resonance (LSPR) 36.  

There are several applications in which use of 1D silver nanostructures such as nanowires (NWs) 

and nanorods (NRs) (at the same concentration) are preferred to other nanostructures due to 

stronger conductivity. For instance, the 1D silver nanostructures can provide desired electrical 

characteristics in conductive adhesives at lower concentrations compared to other silver 
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nanostructures and micron-sized ones 92. The research being conducted on the synthesis of silver 

nanowires (AgNWs) is currently gaining a lot of attention due to their promising applications in 

electronics. This happens to be a result of outstanding electrical, optical, and mechanical 

properties of AgNWs. 1D silver nanostructures, such as AgNWs are more advantageous 

compared to other silver nanostructures due to several reasons. They can enable free movement 

of electrons in one direction 93, and can form networks of wires that facilitate the passage of 

electrical current. They can also improve transmittance characteristics due to their high aspect 

ratio 94. The novel applications can be seen in transparent conductive films (TCFs) 95, wireless 

technology 96,97, touchscreen devices 98, organic light emitting diodes (OLED) 99, transparent 

conductive electrodes 100,101, artificial skin 102, liquid crystal display (LCD) 103,104, and smart 

windows 105,106. AgNWs can be embedded in flexible touch-screen substrates and electronic 

displays to provide an enhanced decrease in sheet resistance and to increase touch sensitivity 93. 

Furthermore, AgNWs can be used to prepare AgNW-based conductive inks that have remarkable 

rheological characteristics such as thixotropic shear thinning and thus, can be simply used for 

screen printing without the addition of polymeric rheological additives 107. AgNW-coated 

conductive films have been considered as a promising alternative over conventional indium tin 

oxide (ITO)-coated conductive films which are currently being used in touchscreens 93.  

The synthesis of silver nanostructures, and generally all types of nanostructures, are categorized 

in two approaches 108. The first one is the top-down approach where particles are produced from 

the bulk material, and the second one is the bottom-up approach where nucleation sites are 

formed and finally grow into a nano-sized particle. The first approach consists of a set of 

techniques also known as “physical” synthesis methods. Several physical methods for top-down 

synthesis of silver nanostructures including ball milling 109–111, laser ablation 112–116, evaporation-

condensation 117,118, electromagnetic levitation gas condensation (ELGC) 119, ultrasonication 120–

123, lithography 124,125, spray pyrolysis 126–128, radiolysis 129–132, arc discharge 133–137, and 
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photoirradiation 138–140 have been utilized to synthesize various morphologies of silver 

nanostructures with varied size and size distribution. The physical synthesis method is primarily 

used for large-scale production in a short amount of time 141.  

The bottom-up approach, however, mostly relies on the use of reducing agents for the production 

of silver nanoparticles. This approach is also categorized into two distinguishable, but not 

completely disparate, set of methods. The first category consists of techniques that use chemical 

reagents to reduce Ag cations into zero-charged Ag atoms, which then mount on top of the nuclei, 

serving as templates for crystal growth into particles at the nanoscale 142,143. This set of techniques 

is also known as the “chemical” synthesis method. These techniques are usually accompanied by 

the addition of stabilizers to provide stability, prevent aggregation, control morphology, and 

provide physiologically-compatible properties 144–146. Chemical methods were previously used to 

produce silver nanoparticles including sol-gel processes 147–150, conventional chemical reduction 

151–155, reverse micelle 156–158, co-precipitation 159, chemical vapor deposition 160–162, solvothermal 

163–165, and electrochemical reduction 166–169. Chemical synthesis methods are currently among the 

most widely used approaches 108,170. The second category in bottom-up synthesis methods consists 

of a set of techniques that incorporate the use of non-chemical reagents for the synthesis of silver 

nanostructures. Those techniques rely on the use of biological agents or bio-extracted compounds. 

The term used for addressing these methods is also referred to as “biological” synthesis. Previous 

studies have used bacteria 171–174, fungi 175–178, viruses 179,180, yeasts 181–183, plants 184–187 and plant 

extracts 170,188–192, microalgae 193–197, enzymes 198–200, saccharides 201–205, and vitamins 206–208 to 

synthesize Ag nanostructures with controlled size and morphology. These methods can also be 

referred to as a subcategorization of “green” synthesis. 

Numerous works in the literature have focused on synthesis of AgNPs without giving much 

attention to the disadvantages such as cost, time, and hazards. Nevertheless, other essential 

factors such as cost-effectiveness, eco-friendliness, energy consumption, and human well-being 
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can easily be overlooked. For instance, hydrazine, as a strong and common reductant 209–211  for 

the synthesis of AgNPs 153,212–215 is a highly toxic, cancerous, and lethal chemical 209. Although 

some works have incorporated green synthesis techniques 115,116,139,168,216,217, they do not 

completely eliminate the need for chemicals, nor do they rule out high energy consumption in 

physical synthesis methods, thereby increasing costs greatly 141,218. 

Due to the disadvantages of physical and chemical methods, the focus has been directed towards 

the use of facile methods and materials that are less detrimental and more cost-effective. A 

common subject of interest in this area has been the selection of naturally occurring processes, 

widely known as “green” processes. However, green synthesis of silver nanostructures is a 

general term defined as the production of silver nanostructures by using environmentally-friendly 

techniques. Therefore, this method is not limited to synthesis by biological agents. For instance, 

alternative reagents such as ascorbic acid and sodium citrate are considered to synthesize AgNPs 

in a green and environmentally-friendly manner 219. The green synthesis of silver nanostructures 

has been receiving significant attention and is expected to rule out the use of hazardous chemical 

substances to a great extent 49,220–222, and also to disregard the use of high-energy consuming 

devices for the top-down synthesis of silver nanostructures 108,189. Green synthesis of silver 

nanostructures has demonstrated great advances in the last decade, yet there are still issues 

regarding stability, size distribution, morphology, unknown biological functions144, and the 

consideration that some biological processes cannot become industrially feasible due to strict and 

time-consuming aseptic procedures 189. 

In this review, we first aim to discuss the most common AgNP synthesis methodologies and to 

compare them based on their cost, eco-friendliness, and energy consumption to show why and 

how green chemistry can improve the process and act as an alternative compared to physical and 

chemical synthesis. The physical and chemical synthesis methods are discussed only in terms of 

the process structure, advantages, and disadvantages. Therefore, a detailed study of physical and 
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chemical methods for the synthesis of AgNPs is out of the scope of this review. Among the green 

synthesis procedures, significant attention has been recently given to plant-mediated synthesis 

because of its simple culturing procedures and potential for scale-up 185,223. Various green 

synthesis studies from the literature were gathered and compared, giving one a clear and broad 

overview of the green synthesis processes. We then show how plant-mediated synthesis can 

emerge as a novel and alternative methodology towards the synthesis of 1D silver nanostructures, 

which have several applications in electronics. Finally, novel future directions including 

application of in-situ characterization techniques in the course of reaction, continuous green and 

sustainable synthesis of silver nanostructures adaptable for in-situ characterization, and 

incorporation of Artificial Intelligence (AI) in green silver nanostructures synthesis are discussed. 

2.2. Physical and chemical synthesis methodologies of silver nanoparticles 

In this section, chemical and physical synthesis methodologies of silver nanostructures have been 

reviewed and their advantages and disadvantages have been discussed. This section is reviewed to 

provide a comparison between chemical/physical synthesis and green synthesis of silver 

nanostructures. Since the main focus of this article is on reviewing the green synthesis of silver 

nanostructures as an alternative over chemical and physical methods, only the most common 

physical and chemical methods have been reviewed and the major part of our review has been 

dedicated to green synthesis of silver nanostructures. 

2.2.1. Physical synthesis 

Physical synthesis of silver nanoparticles includes methods that produce particles in the 

dimensions of 1-100 nm from bulk silver, typically in the solid phase. It is also referred to as the 

top-down synthesis of silver nanoparticles. Unlike chemical and biological methods, physical 

techniques do not necessarily require using a reducing agent or stabilizer; however, they may be 

incorporated with other techniques.  
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2.2.1.1. Ball milling process 

As one of the conventional processes, the ball milling process (mostly used as mechanochemical 

ball milling) is a method that is used commonly to produce AgNPs in a solid state 224. Previously, 

AgNPs were produced using high energy planetary ball milling 109,110,225. Khayati et al. 109 utilized 

planetary ball milling in a mechanochemical process by adding organic process control agents 

(PCA). In this work, depending on the type of PCA used, particle sizes varied from 14 to 34 nm, 

and were in crystallite shape. In another work, AgNP crystallites were produced with an average 

size of 10-12 nm using the mechanochemical ball milling process by utilizing polyethylene glycol 

as the stabilizing agent  111. The relatively small size of the produced AgNPs allowed effective 

antibacterial activity against gram-positive and gram-negative bacteria. The ball milling method 

is a cheap approach for the synthesis of AgNPs in a solid state144, and can be used for the 

synthesis of AgNPs in ambient temperature, with a fair control over particle size 111. It is a useful 

technique and synthesized nanoparticles may be used for antimicrobial applications 111; however, 

there are several downsides with this method. The most common approach, provided by the 

literature, for the synthesis of NPs—especially AgNPs—is by laboratory-based planetary ball 

milling, which is insignificant for large-scale production 226. In addition, the milling process itself 

may result in creation of agglomerated products, especially in long processes, due to the large 

specific surface area of the produced NPs 226,227. Furthermore, this technique is associated with 

substantial energy consumption—considering the milling period—compared to alternative 

methods 226. 

2.2.1.2. Evaporation-condensation process 

Evaporation-condensation is another conventional method used for the synthesis of AgNPs. This 

technique is applied by using a furnace processing chamber where the metal of interest is 

vaporized into a low-density gas phase, becomes supersaturated by decreasing temperature, and 
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then is condensed to form nuclei which then grows into nanoparticles 117,141. The chamber gas 

usually contains an inert gas such as Helium or Argon 117,228. AgNPs synthesized using this 

technique were in crystalline shape with sizes from 7 to 55 nm 117,228. One of the advantages of 

this method is that it can potentially produce NPs in large-scale 141, and can be used for long-term 

experiments 108,229; however, there are significant disadvantages while using this technique. The 

required equipment is rigorous, highly costly, and occupies a significantly large space 108,141,218. 

Furthermore, due to high operation temperature, a significant preheating time is required, and the 

process needs considerable time to achieve thermal stability 218,229. There are also safety issues 

due to the high processing temperature which will elevate the surrounding environment 

temperature 141,230. Additionally, the process consumes high degrees of energy218,229 due to very 

high operating temperatures; thus, making it uneconomical.  

2.2.1.3. Arc discharge process 

Another physical method widely used for the synthesis of AgNPs is the arc discharge method. In 

this method, two electrodes—a cathode and an anode—are connected in a high current DC circuit 

and submerged in a solvent—mostly deionized water—to run the process 133,135. These electrodes 

can be either composed of an inert metal, such as titanium, or  any metal of interest by which the 

nanoparticles will be produced, for instance, silver for the synthesis of AgNPs 133,135. In the case 

of titanium electrodes, AgNO3 is used as the precursor, an electric discharge takes place between 

cathode and anode, and an electron exchange takes place in the plasma region where silver ions 

are reduced 133. In the case of silver electrodes, silver will be melted and vaporized from the 

electrode ends, and as a result, nanoparticles are formed from the silver condensates 135. Tien et 

al. 231 synthesized AgNPs from 5 to 45 nm using the same method. In more recent works by 

Tseng et al. 136,137, AgNPs were produced using a micro-electrical discharge machining system 

and by adding polyvinyl alcohol (PVA) as the capping agent. They obtained AgNPs with a 

diameter of 50-100 nm when PVA was not used, and a diameter in the range of 25-75 nm when 
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PVA was used 136. The arc discharge method is advantageous in terms of the simplicity of the 

apparatus and equipment, low impurity due to the mere use of water, and fewer production steps 

133. In addition, this process can reach high NPs synthesis rates in a short time 133,135. However, 

size distribution is large 133,136,137, and NPs produced have a fairly large size distribution compared 

to NPs produced by chemical methods. 

2.2.1.4. Laser Ablation Process 

A promising physical synthesis method used widely in recent years is laser ablation. This method 

is typically used for the synthesis of stable silver colloids either in solutions or in open air without 

utilizing any additional reagents 112,116. AgNPs synthesized with this method are maintained in 

high purity due to the inexistence of chemical stabilizers and ligands, which provide NPs with 

unique surface characteristics 232. Therefore, for safe biological implications (i.e in the medical 

and food industry), this approach can be preferred as an alternative for methods that necessarily 

require the use of chemical stabilizers 112,116. In addition, small NP size, low agglomeration rate, 

and narrow size distribution can be achieved by this method 112. The process uses a laser beam at 

high energy to ablate pure Ag from which the separated AgNPs, either in liquid or vapor form, 

are attained and confined in the surrounding ambient 113. The formation of nanoparticles by laser 

ablation depends on the thermal and optical properties of the utilized metal and the surrounding 

ambient 232,233. Despite its significant advantages, laser ablation represents some disadvantages 

that limit their use. In general, this method does not have high productivity and the utilization of 

laser ablation at an industrial scale is difficult. To achieve desired concentrations, high-energy 

lasers should be considered, which increase the costs significantly 116.  

2.2.1.5. Spray pyrolysis process 

Spray pyrolysis is another method used earlier to produce AgNPs with an average size of 10 nm 

embedded into amorphous calcium phosphate particles for enhanced adhesive applications 128. 
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The spray pyrolysis process requires using an atomizer, a tube furnace, a reaction tube, a 

collection filter, and a vacuum pump 128. This method is also highly used for production of metal 

powders,  and demonstrates less agglomeration, higher purity, and more crystallinity compared to 

those produced by chemical methods 234. The method is simple and reproducible 234; however, the 

process runs using high operating temperatures, and more specifically, the center of the reaction 

tube may not reach the setpoint temperature due to the short residence time inside the reactor and 

finite heat transfer from the wall 128.  

In general, although physical methods can produce nanoparticles with high purity, most of them 

are highly expensive and may lead to agglomeration of products 144. Based on all the 

disadvantages explained, the mere use of physical methods may not be adequate for most cases to 

produce AgNPs with desired size, morphology, size distribution, and characteristics. Moreover, 

most physical approaches should be accompanied with chemical or green methodologies to 

compensate for deficiencies. 

2.2.2. Chemical synthesis 

Chemical reduction, or conventional chemical synthesis, is the most common approach for the 

synthesis of AgNPs 218. This is performed by the presence of a metal precursor such as AgNO3, a 

reducing agent such as hydrazine, sodium borohydride, ethylene glycol, or dimethylformamide 

(DMF) as well as the presence of stabilizers such as polyvinylpyrrolidone (PVP) or 

polyvinylalcohol (PVA). Chemical synthesis of nanoparticles is one of the bottom-up techniques 

due to the fact that particles are formed from collective atoms in a nucleus rather than from the 

bulk 108.  
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2.2.2.1. Sol-gel process 

The sol-gel method is one of the most common techniques to synthesize AgNPs. The sol-gel 

process is considered as a multifaceted approach for the synthesis of nanoparticles in various 

forms—especially complex compounds—such as metal-complex oxides, inorganic 

nanocomposites, and chalcogenides 148. In the sol-gel method, a gel-like mixture is first prepared 

by mixing the silver precursor solution with a metal complex compound (i.e comprised of Ca, Ti, 

Sr, etc.) 147,148 in a solvent such as water or alcohol. Then the product is heated in order for the 

nucleation and reaction to take place 147,235. In most cases, AgNPs are synthesized in metal oxide 

thin films such as TiO2, SiO2, and ZrO2 where the average particle size is almost 10 nm when the 

heating temperature is 600 °C in the case of SiO2 thin films, and 500 °C in the case of TiO2 and 

ZrO2 
235. Kumar et al. 149 synthesized AgNPs using the hydrolytic sol-gel method at 400, 600, and 

800 °C with particles with an average size of 20 nm and crystallite shape. The sol-gel technique 

can also be performed at lower temperatures as well. Jadalannagari et al. 147 synthesized silver 

doped hydroxyapatite nanorods using the sol-gel technique at 100 °C and produced particles with 

an average diameter of 25 nm with hexagonal cross section. In the sol-gel process, besides 

temperature and gel composition, the solvent plays an important role in determining the size, 

morphology, and surface characteristics of the synthesized AgNPs 236. Organic solvents are 

generally more advantageous, as they can act as an oxygen supplying agent for the metal oxide 

and result in more uniform structures and smaller size distribution 236. One important advantage 

of the sol-gel technique is the large freedom for choosing different precursors with various 

combinations (i.e. hybrid compounds), allowing the process to be adjusted accordingly in order to 

yield the desired complex product with tuned physiochemical characteristics 150. In addition, 

combined with the hydrothermal approach (synthesis in a hot aqueous environment under high 

pressure), it can synthesize AgNPs at a lower temperature compared to the sol-gel process alone 

148. Nevertheless, there are some disadvantages regarding the application and feasibility of sol-
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gel-produced nanoparticles and nanocomposites. For instance, in industrial applications of 

nanoparticle-doped glasses such as those in the automotive industry, there exists some difficulty 

in the production of thick films larger than 1 µm because of possible film cracks and shrinkage 

237. In addition to that, the film quality itself depends highly on process and environmental 

conditions such as temperature and humidity 237. The sol-gel process is associated with costly 

precursors, process longevity, and difficulties regarding reproducibility 238. 

2.2.2.2. Reverse-micelle process 

Reverse micelle is another approach for synthesis of AgNPs. Reverse micelles are produced from 

surfactants such as sucrose fatty acids in a hydrophobic solvent such as alkanes 239. There is a 

water phase inside the microemulsions which is also referred to as the water pool where the 

reactants are present 239. The water pool is where the silver ions are reduced into silver atoms 

which then form AgNPs 156. The reverse micelle method has served as a common approach for 

the synthesis of AgNPs throughout the past two decades 156. Regular reducing agents used in this 

method include sodium borohydride (NaBH4) 240, hydrazine (N2H4) 241, glucose 242, and quercetin 

156,243, to name a few. The size and size distribution of the AgNPs is controlled by the strength of 

the reducing agent 156. It was previously observed that hydrazine hydrate (N2H4.H2O) can yield 

smaller AgNPs with a higher degree of dispersion compared to stronger reductants such as 

sodium borohydride (NaBH4) 244. Singha et al.156 synthesized AgNPs in sodium dioctyl 

sulfosuccinate (AOT) reverse micelles using ascorbic acid as the reductant, and obtained particles 

with an average size of 6 nm. Yang et al. 158 used sodium borohydride as the reductant and 

octadecylamine (ODA) as the solvent and produced AgNPs with an average size of 3.38 nm. The 

size distribution of the synthesized nanoparticles depends on the type of solvent as well as the 

reducing agent. This enables the method to provide varied choices depending on the type of 

surfactant and solvent, which can be optimized to yield the desired size and morphology156. In 

addition, preparation of AgNPs using this method does not need any specific instrument, intense 
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temperature, or pressure conditions 239. The scale-up of the system is also relatively simple239. 

However, the downside of this method is due to the low productivity of particles per system 

volume as a result of low reactant concentration inside the reverse micelles 239. AOT-

microemulsions have been the most common microemulsions for the preparation of micelles 156. 

However, this method may result in synthesis of AgNPs with weak surface plasmon 

characteristics due to broad surface plasmon band 156.  

2.2.2.3. Chemical vapor deposition process 

Chemical vapor deposition (CVD) and atomic layer deposition (ALD) are among other chemical 

methods. CVD is a method that allows production of nanoparticles on a substrate 245. The process 

consists of three steps. First, addition of a volatile precursor in the gas phase to the reactor 

chamber. Second, adsorption of the vapor on the substrate surface and establishment of medium 

compounds followed by formation of a layer. Third, nucleation and growth of the layer through 

heating 245. The important factors that control the process and size of synthesized AgNPs include 

the precursor introduction method, reactor pressure, gas flow properties, deposition rate, 

deposition duration, and substrate surface temperature 161,245. The type of precursor appears to be 

the most significant factor in the process 245. Silver nitrate is the most widely used precursor for 

this purpose 245. An important advantage of this technique is the establishment of silver-metal 

oxide (e.g SiO2 or TiO2) nanocomposite coating using only one deposition step 245. The CVD 

method also provides many opportunities for the synthesis of silver-coated materials with various 

size distribution and morphology 245. The disadvantages of this method are associated with the 

high process cost, complexity, and weak scale-up capability 162. 

2.2.2.4. Wet chemical synthesis 

Currently, most synthesis methods still rely on wet chemical reduction using a chemical reducing 

agent. The conventional wet synthesis of AgNPs using strong reductants such as sodium 
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borohydride, hydrazine, and dimethylformamide (DMF) is currently the most common approach 

in the literature compared to other techniques previously explained 218. Although wet chemical 

methods can successfully offer narrow size distribution and synthesize particles with small size, 

there are some major disadvantages regarding those methods. Additionally, toxicity and hazards 

can result from using those chemical substances. For instance, hydrazine and its derivative 

compounds (e.g hydrazine hydrate) serve as a strong reductant in the synthesis of AgNPs 215 due 

to its strong reducing characteristic 246, however; hydrazine is known to be toxic and carcinogenic 

and cause severe damages to vital human organs such as lungs 246,247. The Environmental 

Protection Agency (EPA) has ranked hydrazine as a potential carcinogen, in which threshold 

limits are considered as small as 10 ppb 246,248. N,N-Dimethylformamide (DMF) is also known as 

a strong and common reducing agent. However, the compound is reported to cause damages to 

the liver and digestive system 249. Sodium borohydride, another strong reducing agent is 

considered to have adverse effects on lungs and may cause pulmonary edema, which is a 

condition that results in fluid build-up in the lungs 250. Besides the exposure risk during the 

process, an intense separation step should be considered to remove those compounds from the 

synthesized nanoparticles, thus making the process difficult and costly. In the case of hydrazine, 

the synthesized particles may potentially include some of the remnants from the reagent, thus 

making them hazardous or even unusable for biomedical applications. The polyol process is 

another common wet chemical method used for the synthesis of silver nanostructures. The polyol 

process is typically performed at 120-160 °C by utilizing ethylene glycol as the solvent and 

reducing agent and PVP as the capping agent in the presence of a small amount of salt mediator 

251–253. Although the polyol process is a non-hazardous and widely accepted method for the 

synthesis of silver nanostructures, there are some disadvantages associated with it. First, the 

polyol process is typically performed at temperatures higher than 120 °C, which is associated 

with high energy consumption. Second, this process requires dilute concentrations of silver 

precursors (0.1 M or lower) in order to maintain a uniform morphology and size distribution 254, 
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which limits their scale-up capability. Third, the yield of the silver nanostructures is highly 

sensitive to reaction conditions, such as temperature, concentration ratio of PVP to AgNO3, salt 

mediator concentration, and the stirring type and rate 94. On the other hand, natural compounds 

can be utilized to synthesize silver nanostructures in a much simpler fashion by enabling 

synthesis at room temperature and using only one reagent, as both reducing and capping agent in 

addition to providing non-hazardous and environmentally friendly routes towards the synthesis of 

different silver nanostructures. 

2.3. Green synthesis of silver nanoparticles 

Green synthesis of nanoparticles can be defined as a set of techniques which utilize non-chemical 

reagents or non-hazardous methods for the production of nanoparticles. The main purpose of such 

methodologies is to minimize environmental toxicity and health-related hazards 108,218,255–257. In 

most green silver nanostructure synthesis processes, reduction of Ag+ to Ag0 is performed either 

by biological species or by bio-based compounds derived from a desired type of plant or 

organism 256; which is also called biological synthesis. Bio-based reducing agents include 

microorganisms or biologically-produced material. Microorganisms consisting of viruses, 

microalgae, fungi, yeast, and bacteria were previously used to synthesize AgNPs. Unlike physical 

synthesis, but similar to chemical synthesis, biological synthesis of nanoparticles is classified 

under bottom-up approaches 108. However, green synthesis is not limited to synthesis by bio-

based compounds or biological species. For example, laser irradiation can also be used without 

using any reducing agent in order to synthesize AgNPs 256. In addition, AgNPs were synthesized 

by microwave irradiation 258,259, ionizing irradiation 256,260, and pulse radiolysis 256. Since these 

techniques may be utilized to produce nanoparticles with harmless procedures, they may also be 

classified under green synthesis methodologies. However, they have drawbacks in terms of 

energy consumption. A general comparison between chemical, physical, and green synthesis 
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methods has been outlined in Table 2.1. Figure 2.1 provides a clear overview of the classification 

of synthesis methods. 

Method Advantages Disadvantages 
Ref. 

Physical methods   
 

Ball milling  Cheap 

 Process can be done at ambient 

temperature 

 Insignificant for large-scale 
synthesis 

 Agglomeration of particles 

 High energy consumption 
 

144,226,227,261,262 

Evaporation-

condensation  Large-scale synthesis 

 Useful for long-term experiments 

 Rigorous equipment 

 Expensive equipment 

 Expensive process 

 Long preheating times 

 High operating temperatures 

 High energy consumption 

108,141,218,229 

Arc discharge 

 Simple equipment 

 High purity of nanoparticles  

 Few process steps 

 High synthesis rates 
 

 Large size distribution of 
nanoparticles 

133,135–137 

Laser ablation 
 High purity of nanoparticles 

 Small size of nanoparticles 

 Low agglomeration rate 

 Narrow size distribution 

 High energy consumption 

 Low productivity 

 Insignificant for large-scale 
synthesis 

116,232,233 

Spray pyrolysis  High purity of nanoparticles 

 Process simplicity 

 High operating temperatures 

 Low heat transfer to the 
reaction tube due to low 

residence time 

128,144,234 

 

Chemical methods 
   

Sol-gel process 
 High purity and homogeneity of 

nanoparticles 

 Can be efficiently used for preparation of 

composites and complex materials 

 Limited industrial 

applicability 

 Costly precursors 

 Process longevity 

 Difficulties regarding the 

synthesis of monoliths 

 Reproducibility difficulties 

237,238 

Reverse micelle  Process simplicity 

 Scale-up simplicity 

 Low productivity of particles 
per system volume 

 Large size distribution of 
nanoparticles 

 Use of toxic and hazardous 
chemicals such as hydrazine 

and sodium borohydride 

156,239 

Chemical vapor 

deposition  Preparation of nanocomposites by only 
one deposition step 

 High process cost 

 Process complexity 

 Weak scale-up capability 

162,245 

Wet chemical synthesis  Process simplicity 

 Narrow size distribution of nanoparticles 

 Small size of nanoparticles 

 Use of highly toxic and 

hazardous substances such as 
hydrazine, sodium 

246–249 

Table 2.1: Classification and comparison of various synthesis methodologies of silver nanostructures based on their advantages 

and disadvantages reported by the literature. 
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 borohydride, and N,N-

Dimethylformamide (DMF) 

 Limited biomedical 

applications  

Green/Biological 

methods    

Bacteriogenic synthesis  Process simplicity 

 Environmentally-friendliness 

 Pathogenic behavior of 

certain species such as E. Coli 

 Significantly slow synthesis 

rate 

 Large size distribution 

 Unknown biological functions 
affecting the synthesis 

process 

108,263 

Fungi-mediated 
synthesis 

 Process simplicity 

 Environmentally-friendliness 

 Faster synthesis rate compared to 

bacteriogenic synthesis 

 High bioaccumulation capacity and 
intracellular uptake 

 Less non-pathogenic behavior compared 
to bacteriogenic synthesis 

 Process longevity 

 Pathogenic behavior 

 Unknown biological functions 

affecting the synthesis 
process 

108,182,183,264 

Virus/VLP-mediated 
synthesis 

 Process simplicity 

 Environmentally-friendliness 

 Possibility to synthesize   1D 
nanostructures 

 Small size of nanoparticles 

 lack of strong metal-binding 
sites along the biotemplate 

surface 

 Preparation of the biotemplate 
is time-consuming 

 Multiple coating cycles may 
be required to yield a uniform 

coating 

 

265–267 

Algae-mediated 
synthesis 

 

 

 

 

 Process simplicity 

 Low cost 

 Environmentally-friendliness 

 Low reaction temperatures 

 use of non-pathogenic and non-
hazardous reagents 

 Small size of nanoparticles 

 Uniform morphology of nanoparticles 

 

 Significantly Slow synthesis 
rate 

 Unknown biological functions 

affecting the synthesis 
process 

268,269 

Plant/Plant extract-
mediated synthesis 

 Process simplicity 

 Low cost 

 Environmentally-friendliness 

 Low reaction temperatures 

 Use of non-pathogenic and non-

hazardous reagents 

 They can act as both reducing and 
capping agent at the same time 

 Broad scope 

 Unknown mechanisms 
affecting the synthesis 

process 

108,144,191,192 
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Nature has proven its unique ability to provide advice for synthesizing nanomaterials. The 

biogenic/green metal nanostructures’ future is bright. Green processes are highly advantageous 

since they utilize naturally-occurring processes to synthesize nanoparticles. The idea was first 

introduced in the 19th century, when scientists discovered the reducing ability of biological 

materials 134. Green/biological methods provide several advantages over physical and chemical 

methods. They are eco-friendly unlike chemical methods 49,108, require less energy unlike physical 

methods 108,218, can be used for mass production 185, and are more economically feasible 108,185,223. 

Sustainability, energy-efficiency, renewability, and reduction of chemical derivatives, are among 

other advantages of green synthesis processes 270. Furthermore, nature provides a high variety of 

reagents that can act as reducing agents, while in chemical methods the reagents selection 

including reducing, stabilizing, and capping agents are more limited. Therefore, recent works in 

the literature are introducing highly diverse biological and green methods for the synthesis of 

AgNPs. However, it is critical to optimize these techniques not only in terms of scale-up 

Figure 2.1: Classification of physical, chemical, and green synthesis methodologies of silver 

nanostructures with respect to reducing agent Type, instruments, and processes. 
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capability, but also in aspects of product quality and performance. Various green synthesis studies 

of Ag nanostructures are reported in table 2.2 along with the reaction conditions, size and 

morphology of synthesized Ag nanostructures, responsible functional groups in reduction, 

nucleation and growth, and applications of the synthesized Ag nanostructures. 

2.3.1. Bacteriogenic synthesis 

Bacteriogenic synthesis is a fairly advantageous process towards facile synthesis of AgNPs due to 

the reactive response of bacteria to silver. The Ag-resistant bacterial strains are utilized for the 

synthesis of AgNPs, as they can accumulate Ag atoms on the cell walls 108. The bacteriogenic 

synthesis process can be either extracellular or intracellular type. AgNPs are synthesized either by 

the biomass 271, or the cell culture supernatant 263. AgNPs synthesized using bacteriogenic 

pathogens are commonly spherical in morphology and range from 5-200 nm in size. The 

mechanism through which AgNPs are synthesized is still not well understood; however, Fourier-

transform infrared (FTIR) spectroscopy results from previous studies suggest that carboxylic and 

hydroxylic groups, in addition to primary and secondary amides corresponding to cellular 

proteins and enzymes, were responsible for synthesis and stabilization of AgNPs (Table 2.2). 

These components are present in both the biomass and the cell culture supernatant. It was 

previously demonstrated that the synthesis rate can be faster for some bacterial strains including 

Escherichia coli (E. coli) and K. Pneumonia when the cell culture supernatant is used 272. 

However, the main downside of bacteriogenic synthesis is the slow synthesis rate and large size 

distribution compared to other green methods 108,263. The applications of bacteria-synthesized 

AgNPs can be seen in development of antimicrobial agents, biosensors, optics, solar energy, and 

drug delivery 271–273.  
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2.3.2. Fungi-mediated synthesis 

Fungal species have demonstrated significant potential for the synthesis of AgNPs. Their high 

binding and bioaccumulation capacity, intracellular uptake, and ease of handling provide them 

with additional advantages compared to bacteria 264. Previous studies have shown that fungi-

synthesis processes are followed by an enzymatic process, affecting the formation of stable 

AgNPs in the range of 5-15 nm 274. However, this range can vary with respect to reaction 

conditions. FTIR results show that similar to bacteria, carbonyl, amide, and hydroxyl groups 

corresponding to the cellular protein were responsible for the synthesis and stabilization of 

AgNPs 182,183. The less non-pathogenic behavior of fungi and their faster synthesis rate suggest 

their use over bacteria. Fungi-synthesized AgNPs have proved to have noticeable anti-bacterial 

activity. Naqvi et al. showed that synthesized AgNPs using A. flavus fungi increased the biocidal 

effectiveness against drug-resistant bacteria significantly 275. Fungi-assisted synthesis has proved 

to be a promising approach towards production of AgNPs; however, the pathogenic behavior of 

the fungi and long synthesis periods compared to other green methods makes it inferior among 

green synthesis processes. 

2.3.3. Plant virus template-mediated synthesis  

Plant-based viruses as biotemplate have been rarely used for the synthesis of silver nanostructures 

compared to other methods. To the best of our knowledge, there have been only a few studies 

180,265–267 that have used plant viruses to synthesize silver nanostructures. In particular, tobacco 

mosaic virus (TMV) is used as the most common template to produce rod-shape Ag 

nanostructures. However, TMV is not the only template that can be used for the synthesis of Ag 

nanostructures. Among others, Brome Mosaic Virus (BMV), Cowpea Chlorotic Mottle Virus 

(CCMV), Cowpea Mosaic Virus (CPMV), Hibiscus Chlorotic Ringspot Virus (HCRSV), Red 

Clover Necrotic Mosaic Virus (RCNMV), and Turnip Yellow Mosaic Virus (TYMV) may also be 
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used for the synthesis of Ag nanostructures 276. The AgNPs can be synthesized either inside the 

viral template, within the interface, or on the outer surface 276. In one of the early works, Dujradin 

et al. 265 synthesized AgNPs in cylindrical matrices using TMV as the biotemplate. In this work, 

AgNPs were 2-4 nm in size and it was shown that AgNPs, unlike platinum and gold 

nanoparticles, were coated on the inner surface of the TMV channel. The synthesis process is 

known to be mediated by the amino acid functional groups 267. Although viral templates have not 

been investigated as much as other approaches, viral template-mediated Ag nanostructures have 

been demonstrating promising potential in targeted imaging and therapeutic delivery systems 276. 

In addition, they can be used to synthesize 1D Ag nanostructures 266,267. This characteristic is 

obtained due to the rod-shape morphology of some plant viruses such as TMV. Synthesis of 

AgNPs using 1D templates can facilitate their application as bio-semiconductors 267. One of the 

main advantages of viral templates is the simple synthesis of small AgNPs 265,266. However, their 

major drawback is lack of strong metal-binding sites along the biotemplate surface 266. In addition 

to that, preparation of the viral templates is time-consuming and multiple coating cycles may be 

required to yield a uniform coating of metal nanostructures on their surface. We have recently 

reviewed the engineering TMV and its virus‐like‐particles (VLPs) for synthesis of biotemplated 

nanomaterials.  We also discussed the recent advances on novel barely stripe mosaic virus and its 

VLP as a novel template for metal nanoparticle synthesis277,278. 

2.3.4. Algae-mediated synthesis 

Synthesis of AgNPs using marine-based microorganisms has emerged as one of the novel and 

promising routes due to their non-toxicity and eco-friendly nature 193,279. Cyanobacteria, brown 

algae, and green algae are the most common types of algae used for the synthesis of AgNPs 193. 

For most applications, the single-cell type of the organism known as microalgae is used to 

synthesize AgNPs 195. This enables formation of homogeneous microalgal suspensions which can 

be used directly for the synthesis process. In the synthesis process, the microalgal biomass in the 
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aqueous phase, cell-free aqueous extract, aqueous supernatant of dried algae, or aqueous filtrate 

of the broth are mixed with the silver solution (mostly silver nitrate) to synthesize AgNPs 193. The 

synthesis process is intracellular when the reaction takes place within the cells, and extracellular 

when biosynthesis occurs outside of cells due to the presence of biomolecules 195, which depends 

on the type of cell culture used. For instance, cell-wall deficient cells are typically more inclined 

towards intracellular biosynthesis as the cell-wall is known to act as a barrier for the diffusion of 

metal cations into the cytoplasm 280. When synthesized, the AgNPs are capped by a matrix of 

polysaccharides in and out of the cells 195, and the size of synthesized AgNPs varies depending on 

the cell type; however, AgNPs with average sizes as low as 4.3 nm 196, and as high as 35 nm 281 

were reported. The synthesized AgNPs are typically spherical in shape 196,282,283; however, varied 

morphologies were also reported 197. Among the applications, Algae-mediated AgNPs have 

shown effective antioxidant and antibacterial activity 268,279. The advantages of the algae-mediated 

synthesis process are low reaction temperatures, use of non-hazardous reagents, and synthesis of 

relatively small particles with uniform morphology. However, the main disadvantage of this type 

of biosynthesis is the significantly low production rate 268,269. 
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Reducing agent  Solvent 

Ingredient or 

functional 

Group 

responsible 

for Ag+ 

reduction/ 

particle 

stabilization 

Reaction 

time/ 

temperature 

Morphology

/ dimensions 

 

Implemented 

characterization 

techniques 

Application of 

the synthesized 

nanostructures 

Ref. 

Bacteria/ Bacteriogenic metabolites 

EPS (exo-

polysaccharide) 
extract of 

Bacillus safensis 
LAU 13 

Not 
explicitly 

mentioned 

Secondary 
amine & 

amide I 
(responsible 

for 

stabilization) 

2 hr/30 ± 2 
°C Spherical/5-

30 nm 
FTIR/TEM 

/XRD 
Antimicrobial 

agents 

273 

Bacillus 
krulwichiae  

Distilled 
water 

Carboxyl, 
Hydroxyl, 

Aldehyde, 

Ester groups 
responsible 

for reduction 

and 
stabilization 

24 hr/Room 
temperature 

Spherical/ 

Ave: 25.88 ± 

10.49 nm 

FTIR/SEM 
/XRD/EDX 

Antimicrobial/ 

Antibiofilm 

agents 

284 

Bacillus 
cellulosilyticus 

(EPS extract) 

Distilled 

water 

Carboxyl, 

Hydroxyl, 
Aldehyde/ 

Ester groups 

responsible 
for reduction 

and 

stabilization 

24 hr/Room 

Temperature 
Spherical/ 

Ave: 23.99± 

8.43 nm 

FTIR/SEM/XRD

/EDX 

Antimicrobial/ 
Antibiofilm 

agents 

284 

Bacillus brevis 
Not 

explicitly 

mentioned 

Amide (-
CONH), 

Hydroxyl, and 

Carbonyl 
Corresponding 

to the protein 
(responsible 

for reduction)/ 

C=C and –CH 
on protein 

responsible 

for 
stabilization 

24 hr/room 

temperature Spherical/41

–68 nm 

AFM/SEM/TLC/ 

FTIR 

Antimicrobial 

agents 

172 

Table 2.2: A Review of various green processes, reaction conditions, necessary functional groups, and characterization 

techniques used for the synthesis of silver nanostructures with different sizes and morphologies along with their 

application. 
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Enterobacter 
cloacae 

Not 

explicitly 

mentioned 

Primary 

amide, 
secondary 

amide 

72 hr/room 
temperature Spherical/ 

12-30 nm 
FTIR/SEM/XRD 

Antibacterial 

activity against 

MDR strains 

285 

EPS  from 

Leuconostoc 
lactis 

Milli Q 

water 

Hydroxyl 

groups 

1 

month/room 
temperature 

Spherical/30-

200 nm 

SEM/TEM/XRD
/UV-

Vis/AFM/TGA-

DTA 

Textile 
industry: 

degradation of 

azo-dyes 

173 

Pseudomonas 

stutzeri 

Not 
explicitly 

mentioned 

Primary, 

secondary, 

and aliphatic 
amides 

8 hr/80 °C Spherical/ 

15-20 nm 
TEM/FTIR 

Antibacterial 
activity against 

MDR strains 

174 

Bacillus 
methylotrophicus 

Not 

explicitly 

mentioned 

Extracellular 

Enzymes and 

Proteins 

-/28 °C Spherical/ 
10-30 nm 

FE-

TEM/EDX/UV-

Vis 

Antibacterial 
activity 

286 

Escherichia coli 

(culture 
supernatant) 

Not 

explicitly 
mentioned 

Primary and 

secondary 

amines 
corresponding 

to the protein 

24 hr/room 

temperature 

Spherical/40-
90 nm 

(unoptimized 

condition) 
& 10-40 nm 

(optimized 

condition 

XRD/TEM 

Conductivity/ 
catalytic and 

Antimicrobial 

activity 

287 

Staphylococcus 

aureus 

Milli Q 

water 

Extracellular 

enzymes 
5 min/- Varied 

Morphology/ 

160-180 nm 

AFM/UV-Vis 
Antimicrobial 

activity 

288 

Cyanobacteria 
Milli Q 
water 

- 
60 min/30-

60 °C Spherical/60-
80 nm 

UV-
Vis/DLS/TEM 

Dye 

decolorization 

property 

289 

 

Yeast 

Cryptococcus 
laurentii (Culture 

Supernatant) 

Not 
explicitly 

mentioned 

Amide 1 
corresponding 

to peptides 

48 hr/28±4 

°C 
Spherical/ 
Ave: 35 & 

400 nm 

UV-
Vis/TEM/XRD/ 

FTIR 

Antifungal 

activity 

182 

Saccharomyces 
cerevisiae 

Not 

explicitly 

mentioned 

Cytoplasmic 

enzymes 
(Oxidoreducta

se & Oxidase) 

responsible 
for reduction/ 

Proteins 

responsible 
for 

stabilization 

72 hr/25 °C Spherical/2-
20 nm 

TEM/DLS 

Cosmetics, 

foods, and 
consumer 

goods 

183 
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Plant/Fruit extracts 

 

Green Tea 

Powder (Camelia 
Sinensis) 

Deionized 

water 

Tea 

polyphenols 

(responsible 
for 

stabilization) 

15 min/60 

°C Spherical/34.

68±4.95 nm 

UV-
Vis/XRD/FTIR/

TGA/AFM/DLS/

XPS 

Antibacterial 

activity 

290 

Camelia Sinensis 

extract 

Deionized 

water 

Not 

mentioned 

30 

days/Room 

temperature 

One-

Dimensional 
(nanowires)/ 

50 nm 

(diameter) & 
1.3 µm 

(length) 

FESEM/HRTEM

/HAADF/UV-

Vis 

Antibacterial 

activity 

291 

Blackberry fruit 

extract 

Deionized 

water 

O-H and C=O 

groups 
48 hr/25 °C Spherical/12-

50 nm 

TEM/FTIR/DLS/

XRD/UV-Vis 

Antioxidant 

activity 

292 

Berberis 
Vulgaris leaf 

extract 

Distilled 

water 

Not 

Mentioned 

1 hr/Room 

temperature Spherical/30-

70 nm 

TEM/XRD/DLS/

UV-Vis 

Antibacterial 

activity 

191 

Origanum 
vulgare extract 

Deionized 

water 

Phytomolecul

es 

2 hr/85-90 

°C Spherical/2-
25 nm 

UV-

Vis/XRD/HRTE

M/EDX/FTIR 

Antibacterial 

and antifungal 

activity 

190 

Coffea Arabica 

seed extract 

Deionized 

water 

Phenolic 

Groups 

2 hr/Room 

temperature 

Spherical 
and 

Ellipsoidal/2

0-30 nm 

UV-
Vis/SEM/SEM-

EDXA/FTIR 

/DLS 

Antibacterial 

activity 

293 

Lignin 
Milli-Q 

water 

Phenolic 
Hydroxyl 

Groups 

30 min/85 

°C 

Spherical/7.3 

± 2.2 nm & 

14.3 ± 1.8 
nm 

UV-Vis/TEM Not Mentioned 
294 

Tannin 

Not 

explicitly 

mentioned 

Hydroxyl 
Groups 

2 hr/50 °C 

One-

Dimensional 

(nanowires)/ 

50 nm 
(diameter) 

UV-

Vis/HRTEM/ 

SEM/SAED/IR 

Detection of 
Pb(II) Ions 

295 

Clove oil 

Not 

explicitly 
mentioned 

Hydroxyl 

Groups from 
Eugenol 

Not 
mentioned/ 

Room 

temperature 

One-
Dimensional 

(Nanowires)/ 

39±0.01 nm 
(Diameter) 

& 3 µm 

(Length) 

UV-

Vis/HRTEM/XR
D/FTIR 

Conductive Ink 
296 
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Apple extract 

(Microwave-
assisted) 

Ultra-pure 

water 

Not 

Mentioned 

2.5 hr for 

Microwave-
Assisted 

Reduction/ 

Room 
Temperature 

& 96 hr in 

thermally-
assisted one-

pot 

reduction/ 
100 °C 

Spherical/28.
24± 

1.15 nm for 

thermally-
assisted and 

22.05±1.05 

nm for 
microwave-

assisted 

reaction 

UV-Vis/ XRD/ 

EDS 

Antibacterial 

activity 

297 

Azadirachta 

indica 

Not 

explicitly 
mentioned 

C=O groups 

corresponding 
to alkyne 

groups,  

C-O and C-
OC bonds 

corresponding 

to flavonoids 
and terpenoids 

(responsible 

for 
stabilization) 

15 

min/Room 
temperature 

Spherical/ 34 

nm 

UV-

Vis/FTIR/TEM/ 
DLS 

Antibacterial 

activity 

298 

Elephantopus 
Scaber 

Distilled 
water 

O-H, C=O 

stretching of 
plant 

constituents 

and C=C 
stretching of 

aromatic rings 

30 min/40 
°C 

Spherical/ 
37.86 nm 

UV-

Vis/TEM/XRD/ 

FTIR 

Antimicrobial 

and anti-Cancer 

activity 

259 

Cinnamon 

zeylanicum 

Dimethyl 

sulfoxide 

(DMSO)/ 

Ethanol/ 

Distilled 
water 

Aldehyde 
Content 

(responsible 

for reduction) 
2 hr/60 °C 

Spherical/ 2-
10 nm (in 

ethanol), 

Polygonal/5-
25 nm (in 

Distilled  

Water), 
Spherical/10-

50 nm (in 

DMSO) 

UV-Vis/HRTEM 
Antibacterial 

activity 

299 

Banana peel 

extract 

Distilled 

water 

Carboxyl, 

Hydroxyl and 
amide groups 

(responsible 

for reduction) 

76 hr/100 °C 
Spherical/23.

7 nm 

UV-

Vis/EDX/XRD/ 

SEM/TEM/ 
FTIR 

Antibacterial 

activity 

300 

Turmeric extract 
Milli-Q 
water 

Hydroxyl 

groups present 

in the 

curcumin 
powder and C-

H bonds in 

turmeric 
powder 

responsible 

for the 
reduction 

24 hr/Room 
temperature 

Spherical/18
±0.5 nm 

UV-

Vis/TEM/EDX/ 

FTIR 

Antibacterial 
activity 

301 
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Marigold flower 

Ultra 

purified 
water 

N-H amid 

stretching, C-
H stretching 

from vinyl 

disubstituted 
alkenes, and 

C-Cl 

stretching 
from alkyl 

halides 

(responsible 
for reduction) 

24 hr/Room 

temperature 

Varied 

(spherical, 
hexagonal, 

and 

irregular)/ 
46.11 nm 

UV-
Vis/XRD/FTIR/ 

EDX/SAED 

/TEM 

Antibacterial 

activity 

302 

Starch 
Milli-Q 

water 

O-H 

stretching 
(aliphatic 

hydroxyl 

group) and 

C=O 

(responsible 

for reduction 
and 

stabilization) 

48 hr/25 °C 

Spherical, 
Polydisperse

d and 

Amorphous/ 
45.6 nm 

UV-Vis/ TEM/ 

SAED/XRD/ 

FTIR/DLS 

Catalytic 

activity 

303 

Ginger 
Deionized 

water 

Phenolic 

groups and 
flavonoids 

2 hr/Room 

temperature 

Spherical/10.

10-18.33 nm 
UV-Vis/TEM 

Antioxidant and 

antimicrobial 
activity 

304 

 

 

  Vitamins 
 

  
 

Vitamin C 
(Ascorbic Acid) 

High 

purity 

water 

Not 
mentioned 15 min/ 

30°C 

Quasi-

spherical/ 31 

nm 

UV-Vis/TEM 
Not specifically 

mentioned 

305 

Vitamin B2 
(Riiboflavin) 

Milli-Q 
water 

Not 
mentioned 24 hr/Room 

Temperature 

Spherical/ 

6.1±0.1 nm, 
Nanorods 

(10-20 nm 
Diameter, 

100-200 nm 

length) 

UV-

Vis/TEM/SEM/ 
EDX 

Catalytic 

polymerization 
of aniline and 

pyrrole 

208 

Vitamin B12 

(Microwave-
assisted) 

Milli-Q 

water 

Not 

mentioned 3-6 min/ 

100°C 

Irregular/70-

600 nm 

UV-

Vis/XRD/TEM/ 
SEM 

Not specifically 

mentioned 

306 

Microalgae/Algae 
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Chlorococcum 

humicola 

Distilled 
sterile 

water 

C-N bonds 

corresponding 
to aromatic 

and aliphatic 

amines 
(responsible 

for 

stabilization) 

48 hr/Room 

temperature 

Spherical/2-

16 nm 

SEM/TEM/ 
FTIR/UV-

Vis/XRD 

Antibacterial 

activity 

282 

Spirulina 

sterilized 

double-

distilled 
water 

O-H groups, 

C-O bonds 

corresponding 
to COOH 

group, and N-

H bonds 
corresponding 

to primary and 

secondary 

amines 

3,6,9 and 12 
hr/Room 

temperature 

Spherical/5-

50 nm 

UV-
Vis/FTIR/XRD/

EDX/Bio-TEM 

Antibacterial 

activity 

283 

Chlorella 

Vulgaris 

Not 

Explicitly 

Mentione
d 

C=O and -N-

H (amide I 

and amide II) 
bonds 

corresponding 

to proteins 
(responsible 

for 
stabilization 

and reduction) 

5 days/25°C 
Spherical/9.8

± 5.7 

UV-
Vis/XRD/TEM/ 

FTIR/EDX 

Antibacterial 

activity 

279 

Padina pavonia 

Not 

explicitly 

mentioned 

N-H (Amine), 

C-N (primary 
amines) 

groups and O-

H groups 
(responsible 

for reduction) 

3 hr/Room 

temperature 

Spherical, 
triangular, 

rectangle, 

polyhedral 

and 

hexagonal/ 

49.58–86.37 
nm 

UV-

Vis/TEM/DLS/ 

FTIR/ 

Not specifically 

mentioned 

197 

Chlamydomonas 

reinhardtii 

Deionized 

water 

Amine and 

carbohydrate 
groups 

192 hr/Room 

temperature 

Spherical/5.6 

± 2.4 nm 

UV-

Vis/XRD/TEM 

Not specifically 

mentioned 

196 

Viruses 

Tobacco mosaic 

virus 

Not 
explicitly 

mentioned 

Hydroxyl, 

carboxyl and 
Thiol groups 

(responsible 

for reduction) 

1 hr/50 °C 
Spherical/2 

nm 
UV-Vis/TEM 

Catalytic and 
antibacterial 

activities 

180 
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                     Fungus 

 

 

  
 

Rhizopus 
stolonifer 

Deionized 
water 

Carbonyl 

group of 

amino-acid 
residue and 

peptide-

protein 

2 days/40 °C 
Spherical/2.8
6 ± 0.3 nm 

UV-

Vis/XRD/HR-

TEM/FTIR 

Not specifically 
mentioned 

307 

Penicillium 

aculeatum 

Milli-Q 
deionized 

water 

N-H and C=O 

from the 

amide group 

of proteins, -
C-N 

belonging to 

aromatic and 
aliphatic 

amines 

4 Weeks/ 
Room 

Temperature 

Spherical/4-

55 nm 

HR-
TEM/XRD/FTIR

/UV-Vis 

Antibacterial 

activity 

178 

Penicillium 

chrysogenum 

Deionized 

water 

-O-H, C-H, C-
O-, COO-, and 

-N-H 

stretching 
associated 

with proteins 

-/28 °C 
Spherical/9-

17.5 nm 
FTIR/TEM/DLS 

Antifungal 
activity and 

ability to 

prevent 
mycotoxin 

production 

176 

Fusarium 

oxysporum 

Deionized 

water 

Not 

mentioned -/37 °C 
Spherical/1-

50 nm 
SEM/TEM 

Antibacterial 

activity 

175 

Sugars 

 

Brown sugar 
Distilled 

water 

C-C and C-O 

corresponding 
to sucrose. 

glucose and 

fructose 

2 hr/50 °C 

Varied 

(spheres, 

cubes, and 
bars)/- 

UV-

Vis/TEM/HRTE

M/EDX/FTIR/ 
MS 

Biomedical and 
pharmaceutical 

applications 

203 

White sugar 

Double-

distilled 
water 

-OH groups 
corresponding 

to gluconic 

acid 

10 min under 

sunlight, 2-3 
hr without 

sunlight/ 

Room 
Temperature 

Spherical/10-

25 nm 

UV-

Vis/FTIR/NTA/ 
TEM 

Biomedical and 

pharmaceutical 
applications 

204 
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2.3.5. Plant/Plant extract-mediated synthesis  

Synthesis of Ag nanostructures using plants and plant extracts has recently gained more attention. 

These methods can act as appropriate alternatives for other methods as a result of their simplicity, 

low-cost, non-toxicity, and simple scale-up capability 190. In addition, thanks to their non-

pathogenic and biocompatibility characteristics, AgNPs synthesized by plants and plant extracts 

are ideal for biomedical applications 308. Plant extracts contain phenolic compounds such as 

flavonoids and alkaloids which are soluble in water 309. These compounds provide the reagent 

with unique reducing and capping characteristics 310. This can be proved by FTIR observations, 

where polyphenols are a major common functional group responsible for reduction of Ag ions 

and stabilization of AgNPs (Table 2.2). The AgNPs can be functionalized with respect to the type 

of plant or plant extract reagent and reaction conditions 311. Plants are a natural source for the 

removal of heavy metals from soils and underground water 312. The removal of heavy metals 

takes place by phytoremediation strategies such as phytoextraction, phytofiltration, 

phytostabilization, phytovolatilization, phytodegradation, rhizodegradation, and 

phytodesalination 313. A variety of plants such as Noccaea caerulescens, Pteris vittata, and Sedum 

plumbizincicola were previously demonstrated to have substantial heavy-metal detoxification 

capability 314–316. One of the most significant factors in the detoxification process is the redox 

potential 317, which is seen as an opportunity to utilize plants and their components for the 

reduction of metal cations and synthesis of metal nanoparticles such as AgNPs. The synthesis of 

AgNPs by plants and their components may be categorized into in-vivo and in-vitro synthesis 

processes 144. The in-vivo synthesis would refer to synthesis of AgNPs inside the plants and the 

in-vitro synthesis would refer to synthesis by components extracted from the plants. In the first 

in-vivo synthesis study, Torresdey et al. 318 synthesized AgNPs (spherical, 2-20 nm in diameter) 

using Alfalfa Sprouts, where it was reported that silver (Ag0) was absorbed from the agar medium 
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through the roots and transferred into plant shoots. It was also reported in this work that the 

nucleation and formation of AgNPs occur within the plant tissue. However, it is debated by other 

studies whether the Ag+ ions are reduced outside or inside of the plant 144,319. Later, several 

studies reported synthesis of AgNPs using Brassica Juncea 320–323, in which they reported the 

presence of AgNPs in plant biomass. It is shown that the major compounds for the synthesis of 

AgNPs are phytochemicals that naturally exist in plants including flavones, terpenoids, catechins, 

and polyphenols 187,319,324, which may also include carboxylic acids, ketones, and aldehydes 

functional groups. Many studies have reported synthesis of AgNPs by in-plant phytochemicals in 

the water-soluble form 325. This is advantageous because the water-solubility of the 

phytochemical compounds simplifies the process. Various parts of plants such as roots, fruits, 

seeds, needles, and aerial parts may be used for extraction of phytochemicals 325. These extracts 

contain a substantial amount of polyphenols which are strong antioxidants 144,190 with significant 

redox potential. A comprehensive mechanism for the synthesis of AgNPs by plant extracts has 

not yet been proposed; however, the reduction mechanism may be explained by identifying the 

responsible functional groups. Makarov et al. 326 hypothesized that when flavonoids, a large 

family of polyphenols, are used as reducing agents, reactive hydrogens are released via a 

tautomerization process, in which flavonoids are transformed to the keto-form, which leads to 

reduction of Ag+ to Ag0. In addition, hydroxyl (-OH) groups are known to be a prominent 

functional group for reduction of Ag+ 325. The concentration of the polyphenols varies depending 

on the plant from which they were extracted 325. Therefore, the properties of the synthesized 

AgNPs, such as size and morphology, can be tuned by selecting the plant source, and adjustment 

of extract composition 184,327.  

The plant-mediated synthesis of AgNPs is fairly simple. The reducing agents used for the 

synthesis of AgNPs are used in the form of soluble powder which was previously extracted, or 

obtained through a common extraction procedure 187. For synthesis, the extract solution is simply 
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mixed in an aqueous environment with the silver precursor such as AgNO3 and maintained at a 

desired temperature. A prominent advantage is that these reactions can be performed at room 

temperature, and successfully result in formation of AgNPs, which is reported by many studies 

191,291,293,296–298,301,302,304. However, the characteristics of the AgNPs, such as size and morphology, 

are highly sensitive to the reaction conditions. Parameters that dictate such characteristics are 

extract composition and concentration, temperature, pH, Ag+ concentration, reaction duration, 

and stirring rate 187.  

The studies using plant extracts as reducing agents have been increasingly growing recently and 

various types of plant extracts have been used as reducing, capping, and stabilizing agents for the 

synthesis of AgNPs. Johnson et al. 328 synthesized AgNPs using Odontosoria Chinensis extract 

and reported formation of spherical AgNPs with diameters ranging from 22.3 to 48.2 nm. The 

reaction occurred at 40 °C, and a complete reduction of Ag+ after 10 minutes was reported. 

Agglomeration was observed in the case of temperatures higher than 40 °C. Also, the most 

optimal concentration ratio was reported to be at 1:9 (extract: AgNO3). They reported that 

carboxylic acids and hydroxyl functional groups were mainly responsible for the synthesis of 

AgNPs, and the presence of terpenoids, tannins, polyphenols, and steroids in Odontosoria 

Chinensis extract was confirmed before the synthesis experiments. The synthesized AgNPs 

demonstrated successful anti-inflammatory and antidiabetic activities, which was due to 

polyphenols, terpenoids, and tannins in the extract in addition to AgNPs themselves. Sivakumar 

et al. 329 synthesized spherical AgNPs with an average size of 10.3 ± 1.7 nm using Parthenium 

hysterophorus aqueous extract. The aqueous extract was mixed with a 10 mM AgNO3 solution 

with a volumetric ratio of 3:100. The mixture was incubated in the dark for 1 hour. FTIR 

characterization results showed the presence of polypeptides, amine, germinal methyl, and 

hydroxyl as functional groups responsible for reducing Ag+ ions and formation of AgNPs. The 

synthesized AgNPs then demonstrated significant antibacterial activity against E. coli, P. 
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auriginosa, B. subtillis, S. aureus, E. feacalis, and K. pneumonia, and anticancer activity against 

HepG2 cell lines. It was later demonstrated by Nouri et al. 330 that synthesis using Mentha 

Aquatic can result in formation of small AgNPs with relatively narrow size distribution. In their 

study, Mentha Aquatica leaf extract was mixed with AgNO3 solution at different reaction 

conditions. The most optimal reaction condition was reported to be at a pH of 9.5, temperature of 

90 °C, concentration ratio of 1:1, and 60 min reaction time. However, they showed that 

ultrasonication can reduce both the reaction time and particle size. Without ultrasonication, the 

average size was observed to be 14 nm, while with ultrasonication, this size was reduced to 8 nm. 

In addition, the increase in ultrasonication power was proportional to the decrease in reaction 

time. The reaction time decreased from 60 min to 10 min by increasing the ultrasonication power 

from 0 to 200 W. This was attributed to the enhanced diffusion of compounds due to sonic waves. 

In another study, Tanase et al. 331 synthesized spherical AgNPs using aqueous bark Picea abies L. 

extract. The reaction was performed at 70 °C and pH 9 with different AgNO3 and extract 

concentrations. Although colloidal AgNPs were synthesized, the size and size distribution were 

significantly high (100-500 nm). The most optimal scenario was attributed to 1 mM of AgNO3 

with a volumetric ratio of 1:10 (extract: AgNO3) and a reaction time of 3 hours. The results 

demonstrated that higher AgNO3 concentration results in inhibition of the synthesis process. The 

responsible functional groups were confirmed by FTIR to be aldehydic, carbonyl, and hydroxyl 

groups of phenols and carboxylic acids. The AgNPs showed strong antibacterial activity against 

E. coli and Klebsiella pneumonia, comparable to the antibacterial activity of gentamicin. 

Most plant extract synthesis studies use extracts as both reducing and capping agents at the same 

time. However, this might not be advantageous in some cases. Soliwoda et al. 192 synthesized 

spherical AgNPs using cacao beans and grape seed extract and investigated the effect of sodium 

citrate with various molar ratios with respect to AgNO3 solution (1.5-6 for sodium citrate, and 

1.5-9 for the extract). Acetone and ethanol were used as a solvent for cacao beans and grape seed 



38 
 

extract, respectively. The initial concentration of both reagents was set to 2 wt. %, and the 

concentration of AgNO3 was kept constant at 1 wt. %. The mixtures were heated for 15 minutes 

and then cooled down to room temperature. Using various molar ratios, they reported that cacao 

beans extract resulted in aggregation of AgNPs followed by sedimentation and therefore, cannot 

be used as reducing and stabilizing agents at the same time. However, monodisperse AgNPs with 

an average size of approximately 15 nm were obtained using sodium citrate as the capping agent. 

Under these conditions, the molar ratio did not have a significant effect on the size of AgNPs, and 

their size was maintained between 11-15 nm at different molar ratios of cacao beans extract and 

sodium citrate. The reason was attributed to the fact that sodium citrate is able to form stable 

complexes with the polyphenols present in the extract, which then acts as reducing and capping 

agent. This was nevertheless different for grape seed extract. Without the presence of sodium 

citrate, AgNPs agglomerated and had a large size distribution, but in the presence of sodium 

citrate, the size was maintained at 10-18 nm for different sodium citrate molar ratios, and size 

distribution was smaller. Furthermore, it was reported by Mohagheh et al. 332 that sodium citrate 

can form complexes with Ag+ at ambient temperature, and act as reducing and capping agent at 

the elevated temperature. In another study, Soliwoda et al. 333 reported formation of citrate-tannic 

acid complexes which were responsible for reduction and stabilization of tannic acid-mediated 

AgNPs. They also stated that the mere use of sodium citrate could result in inhomogeneous sizes 

and broad size distribution. To the best of our knowledge, it has not been yet well determined 

what type of plant extracts can be used as reducing and capping agents at the same time. The 

formation of silver nanoparticles by plant extracts depends highly on the plant extract 

composition along with various process parameters such as pH, temperature, and concentration 

ratio.  
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2.3.5.1. Effect of pH 

The pH is known to be a significant parameter in controlling size, morphology, and stability of 

AgNPs 334. Singh et al. 335 synthesized spherical AgNPs using Hibiscus Leaves extract ranging 

12-17 nm in diameter. Temperature and pH were reported to be the most significant factors in 

controlling the synthesis process. The effect of pH was mainly investigated in this work and it 

was observed that at pH 3 the AgNP formation process stops as there was not any further color 

change, and at pH 10 agglomeration occurs upon the addition of the AgNO3 solution. At pH 6 

however, the reduction process started upon the addition of AgNO3 and was observed for 30 

minutes. The most optimal condition to minimize the size of AgNPs was reported to be at the pH 

of 6, temperature of 70°C, 30 minutes of reaction time, and 5 mM AgNO3 solution (1:1.5 

volumetric ratio with respect to the extract). Their FTIR studies demonstrated that the hydroxyl 

functional groups and polysaccharides were responsible for reduction and stabilization of AgNPs. 

In another work by Handayani et al. 336, it was demonstrated that alkaline condition is more 

favorable for synthesis of smaller nanoparticles. They synthesized AgNPs using Pometia pinnata 

(Matoa) leaf extract for 24 hours with 1:2 volumetric ratio (extract: AgNO3). They demonstrated 

that at pH 11, the AgNPs were 10-50 nm in size and of spherical and hexagonal morphologies, 

while at pH 4 the AgNPs were observed to be 50-80 nm with spherical and triangular 

morphologies. It was also reported that change in pH affects the reducing capability of the 

extract, which is also confirmed by other studies 337,338. The pH is also reported to control the zeta 

potential 334,336, and result in particle stability adjustments 334. The higher the value of zeta 

potential, the stronger the long-term stability of AgNPs, thereby preventing their agglomeration 

334,339. Alkaline pH also has the potential of increasing the reaction rate due to the enhanced 

deprotonation of phenolic compounds in basic condition 340. In addition, alkaline pH enables 

more –OH to take part in the reduction reaction, thus increasing reduction strength 341. 
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2.3.5.2. Effect of temperature 

Temperature is another crucial factor in controlling size and morphology of AgNPs. Increasing 

the temperature equals increasing the reaction rate which is favorable for rapid synthesis. 

However, high temperatures (more than 60 °C) may result in denaturation of the extract 

compound, and thus alter their reduction potential and result in a significant increase in particle 

size and even agglomeration 144. The extract compound should therefore be carefully selected and 

tested in order to avoid denaturation. Madivoli et al. 342 synthesized AgNPs using Lantana trifolia 

extract by changing the temperature from 20 to 35 °C. It was shown that a decrease in 

temperature resulted in broader surface plasmon, attributing to larger size distribution contrary to 

higher temperatures. However, increasing the temperature resulted in formation of larger 

particles, 60 nm in the case of 35 °C and 48 nm in the case of 20 °C. Nevertheless, AgNPs with a 

size of 37 nm were obtained at 30°C. Therefore, there was a sharp increase in particle size by 

changing the temperature from 30 to 35°C. In addition, in a study performed by Anbu et al. 343, 

AgNPs were synthesized at 50 °C and were slightly larger compared to those synthesized at 37 

°C. The increase in particle size due to an increase in temperature was also confirmed by previous 

studies 311,344–346. Furthermore, Liu et al. 347 used Cinnamomum Camphor leaf extract to 

synthesize AgNPs. They demonstrated that an increase in temperature will result in an increase in 

particle size under sufficient Ag+ ions (Ag+ concentration equivalent or excess to the extract 

concentration), and result in a decrease in particle size under insufficient Ag+ ions (extract 

concentration excess to Ag+ concentration). They concluded that under sufficient Ag+ ions, 

particle size is not affected by nucleation, but rather by growth. They proposed on the contrary, 

that under insufficient Ag+ concentration, all the Ag+ ions are consumed rapidly through a burst 

nucleation process, thus not allowing further growth. It can therefore be concluded that 

temperature and concentration are both significant factors and have an interactive effect on 

controlling the morphology and size of AgNPs.   
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2.3.5.3. Effect of concentration/concentration ratio 

The concentration of plant extract and silver precursor, as well as their ratio, play a major role in 

controlling size and morphology of AgNPs. Hasnain et al. 348 synthesized spherical AgNPs using 

purple heart plant leaf extract and investigated the effect of various parameters using the design 

of experiments (DoE) approach. Their results indicated that an increase in AgNO3 concentration 

(from 0.01 to 0.1 M) at constant purple heart plant extract volume (1.4 mL) and relatively lower 

temperatures (60 °C), resulted in a decrease in particle size (from ~120 to 100 nm). They also 

observed an initial decrease (from ~310 to 150 nm) followed by a sharp increase in particle size 

(from ~150 to 335 nm) at relatively higher temperatures (80 °C). In addition, an increase in 

AgNO3 concentration at constant temperature (80 °C), and relative to various volumes of purple 

heart plant extract, resulted in an initial decrease (from ~310 to 150 nm) followed by an increase 

in particle size (from ~150 to >350 nm). However, changing the purple heart plant extract volume 

did not have a significant effect on the particle size. Therefore, the AgNO3 concentration had a 

much greater effect on determining particle size. Also changing the temperature from 60 to 80 °C 

resulted in an approximately linear and continuous increase in particle size (from ~100 to 330 

nm), meaning that temperature was a stronger parameter compared to plant extract concentration. 

Furthermore, Htwe et al. 349 synthesized AgNPs with quasi-spherical morphology using Imperata 

cylindrical plant extract as the reducing agent and ascorbic acid as the capping agent. They 

showed that increasing the AgNO3 concentration (from 0.5 to 0.9 mM), at constant extract and 

ascorbic acid concentration, resulted in increasing the particle size (from 32.7 to 39.9 nm). Their 

Ultraviolet-visible (UV-vis) spectroscopy results also showed that at 0.5 mM AgNO3, the 

absorption peak was narrower compared to 0.7 and 0.9 mM AgNO3, indicating lower size 

distribution. Khan et al. 350 utilized Piper Betle leaf aqueous extract to synthesize AgNPs. They 

investigated the effect of concentration on the size and stability of AgNPs by testing various 

AgNO3 concentrations (1, 2, 3, and 4 mM) and extract concentrations (1:2, 1:4, and 1:8 dilution 
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ratio with respect to the crude extract). They reported the most optimal conditions to be at 2 mM 

of AgNO3 and 1:4 dilution ratio of the extract. Their results indicated that increasing AgNO3 

concentration leads to shifting the UV-vis peak to the higher wavelengths indicated formation of 

larger nanoparticles. Aggregation was also observed for higher AgNO3 concentrations. They also 

reported that higher concentrations of the extract could result in instability and aggregation of 

AgNPs, which is also confirmed by a previous study 351. 

2.4. One dimensional silver nanostructures and their green synthesis 

One dimensional (1D) silver nanostructures are characterized as a collection of silver atoms in a 

one-dimensional pattern. They range from tens to a few hundreds of nanometer in diameter, and 

their length is in the order of tens of microns. 1D silver nanostructures could either be silver 

nanowires (AgNWs) or silver nanorods (AgNRs). These two are distinguished by the aspect ratio, 

which is the ratio of the length to the diameter. Typically, 1D silver nanostructures with an aspect 

ratio of 10 or higher are considered as AgNWs while those with aspect ratios lower than 10 are 

considered as AgNRs 94. In general, 1D metallic nanostructures have unique plasmonic properties 

as they can uniquely interact with light because of their plasmonic characteristics 352,353. AgNWs, 

in particular, possess great surface plasmon resonance (SPR) characteristics, high conductivity, 

and remarkable flexibility in addition to having a simple fabrication process 354. Synthesis of 

AgNWs has been under progressive investigation during the last decade due to their broad range 

of applications including nanoelectronics.  

AgNWs have been becoming widely applicable in electronics. In particular, there been promising 

developments in transparent conductive electrodes (TCEs) manufacturing for next generation 

touchscreens by applying AgNWs 355–358. To name a few, C3Nano®, Cambrios®, and 3M® are 

among the companies that have been developing AgNW-based inks for TCEs used in the flexible 

touchscreens manufacturing. Currently, indium tin oxide (ITO) is still the dominant material used 
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in TCEs due to its high transmittance and low sheet resistance 71,359. Its high conductivity and 

transmittance level made ITO a fairly appropriate candidate for TCEs; however, weak flexibility, 

limited supply, costly coating process, highly expensive large-scale manufacturing, and the cost 

of the material itself have limited a potentially broader application in optoelectronics 71,94. As a 

result, ITO-embedded TCEs are gradually giving their position to AgNW-embedded TCEs. One 

of the most important aspects of the synthesis of AgNWs is to precisely control their size and 

morphology to achieve a uniform high aspect ratio that strongly affects their optical and 

transmittance properties 360–362. Achieving a uniform high aspect ratio depends on the synthesis 

process and the reaction conditions 361. As a result, selection of the reducing and stabilizing 

agents, and identifying the most important factors that control the synthesis process are essential 

in determining the length and diameter of the synthesized AgNWs.  

There are generally two methods for the synthesis of AgNWs, which are hard template and soft 

template methods. In hard template methods, AgNWs are produced using cylindrical nanoporous 

structures such as carbon nanotubes (CNTs) 363. On the other hand, in soft template methods, 

capping agents such as polyvinylpyrrolidone (PVP) or cetyltrimethylammonium (CTAB) are used 

to direct the growth of initially formed silver seeds to AgNWs 353. Hard template methods have 

several disadvantages compared to soft template ones. The yield of AgNW is significantly low 

and the templates are very hard to remove 94. On the other hand, template removal issue is 

nonexistent in soft template methods and soft templates can be used in the solution phase. Block 

copolymers 364 and polyvinyl alcohol (PVA) 365 are among the other soft templates used for the 

synthesis of AgNWs. Currently, the most common method for the synthesis of AgNWs is through 

the polyol process, in which usually ethylene glycol is used as the solvent and reducing agent, 

PVP as the capping agent, and in the presence of a small amount of salt mediator. This method is 

being used to synthesize AgNWs in large commercial scales and has proved to be simple and able 

to provide relatively proper control over morphology and aspect ratio 366. Synthesis of AgNWs by 
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the polyol approach was first introduced in 2002 by Xia’s group 367. In early studies, synthesis 

was performed using Pt seeds to promote nucleation and growth of AgNWs. In order to make the 

process more economical and simpler while maintaining high yield and aspect ratio, further 

modifications were later applied in the synthesis process, such as gradual addition of AgNO3 

solution using syringe pumps 368, using salt mediators such as Fe 369 and Cu 370 metal salts, and 

increasing preheating time 361. The combination of exceptional size and morphology dependent 

chemical, optical, and physical characteristics of 1D Ag nanostructures with their potential 

antibacterial activity, is evidence of a critical need to develop synthesis processes appropriate for 

their industrial-relevant scale applications. These synthesis processes must meet some criteria 

including being scalable, low cost, and low toxicity of the materials involved in the synthesis 

process. These criteria are in excellent agreement with the goals in development of green and 

sustainable synthesis of metal nanostructures. Polyol synthesis has a fairly high energy 

consumption due to high temperatures (>120°C). In addition, in more recent polyol processes, a 

1- hour preheating time for ethylene glycol is required, which adds to the experiment duration at 

relatively high temperatures. While progress with improving the polyol process was ongoing, 

some studies started to use green reagents for the synthesis of AgNWs. We have recently 

reviewed the polyol silver nanowire synthesis and its outlook for a green process 371. In 2009, 

Tian et al. synthesized single-crystalline AgNWs—25 nm large in diameter and 20 µm large in 

length—using tannin acting as both reducing and capping agent 372. Tannin is a natural 

polyphenolic compound found in various plant extracts, such as oak barks, galls, and teas. They 

can act as strong reducing agents due to oxidization of –OH functional groups in their molecular 

structure 373. The AgNWs were synthesized at room temperature, and it was found that an 

increase in the tannin concentration resulted in AgNWs with a lower aspect ratio. They reported 

that the slow reduction rate could favor the formation of twinned silver seeds with decahedron 

morphology. On the contrary, in a more recent work, Dong et al. reported that at low 

temperatures, tannin molecules cannot selectively adsorb on the {100} facets of AgNWs due to 
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lack of driving energy 295. In this work, AgNWs were synthesized at 50 ºC for 2 hours with the 

same AgNO3 and tannin concentrations used in Tian et al.’s study. The yield of AgNWs in this 

work was reported to be much higher (as high as 90%) compared to Tian et al.’s study (5-10%). 

The AgNWs were reported to be 60 nm thick in diameter and several tens of micrometers long. 

Although low temperatures were considered to be unfavorable for the growth of AgNWs, higher 

temperatures (higher than 50 ºC) were not favorable either, which is due to the fact that tannin 

molecules do not have adequate time to adsorb on the specific facets, thus resulting in formation 

of nanoparticles. They also reported that decreasing the pH from the basic to acidic region results 

in increasing the yield of AgNWs, with pH 5 being the optimal value. In another study, Lin et al. 

synthesized AgNWs using Cassia fistula as both reducing and capping agent 374. The reaction was 

performed at room temperature for 48 hours, and the synthesized AgNWs were reported to be 50-

60 nm in diameter and tens of micrometers in length. They reported that the Ostwald ripening 

process was indispensable to the accumulation of smaller nanoparticles into AgNRs and 

ultimately AgNWs. They also reported that increasing the temperature would result in formation 

of mere nanoparticles due to the alteration of interaction between the biomolecules and certain 

facets. Jeevika et al. used clove oil, as both reducing and capping agent to synthesize AgNWs 

with a diameter of 39 nm and length of 3 µm 296. Clove oil is rich in eugenol, which is a phenolic 

compound. The reaction was carried out at room temperature and –OH functional groups from 

eugenol were found to be responsible for the synthesis of AgNWs. Eugenol molecules were also 

responsible for stabilizing AgNWs, as they can bind to the initially formed Ag seeds’ facets and 

direct the growth. Soleimani et al. synthesized AgNRs with sharp and blunt ends using F. 

oxysporum as a reducing agent and starch as capping agent 375. In their work, the reaction was 

carried out at 30 ºC for 3 days, with the pH adjusted at 3. For AgNRs with sharp ends, the 

average diameter and length were 181 nm and 4.3 µm, and for AgNRs with blunt ends, the 

average diameter and length were 204 nm and 3.9 µm, respectively. They reported that the 

initially formed Ag nucleus was single-crystal, and starch was able to cover {100} facets of the 
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NRs. It is also noteworthy to mention that other morphologies were obtained by changing the 

concentration of AgNO3, temperature, pH, and reaction time. In another study, Gonzalez et al. 

used Camellia Sinensis extract in presence of a small concentration of PVP to synthesize AgNWs 

with dimensions of 50 nm in diameter and 1.3 µm in length 291. Camellia Sinensis is a strong 

phenolic compound with significant antioxidant potential. The reaction was carried out at room 

temperature for 30 days under dark conditions. They reported that PVP was able to selectively 

adsorb to {100} and {111} facets, thus directing the growth of AgNWs. They also explained that 

the Ostwald ripening process resulted in attraction of the previously formed AgNPs, therefore 

leading to NW growth. However, it is important to note that at the beginning of the reaction, PVP 

was added to the reaction in the form of powder, and the temperature of the solution was kept at 

45 ºC for complete dissolution of the PVP. Nadagouda et al. used vitamin B2 to synthesize 

AgNWs and AgNRs at room temperature for 24 hours 208. In their study, AgNWs with diameters 

ranging from 10 to 20 nm and lengths of several hundreds of microns were obtained when 

isopropanol was used as solvent, and AgNRs structures were obtained with a thickness of 100 to 

200 nm and lengths of tens of microns when acetone and acetonitrile were used as solvent. 

Hemmati et al. obtained AgNRs using brown sugar as both reducing and capping agent 203. The 

AgNRs were around 50 nm thick in diameter and a few microns long. The reaction was 

performed at 50 °C for 2 hours.  

The main advantage of the green synthesis of AgNWs is the fact that the selected green reagent 

can act as both capping and reducing agent at the same time, therefore triggering and continuing 

the reduction process while controlling growth. As a result, providing an additional capping agent 

such as PVP may not be required, which could reduce the overall material cost, since green 

reducing agents such as plant extracts are not expensive. Another important advantage is the 

possibility of performing the synthesis experiments at significantly lower temperatures compared 

to the polyol process, where temperatures of 120-200 ºC are required. Some reactions can even be 
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carried out at room temperature. This is quite beneficial in reducing energy consumption and risk, 

thus making the large-scale synthesis processes more cost-effective and safer. Another advantage 

is the fact that synthesis experiments may be performed without using exotic seeds and metal 

salts. Green reagents such as tannin and clove oil have shown that synthesis of AgNWs with high 

yield and aspect ratio is possible. As a result, if the responsible factors are identified properly, 

high aspect ratio and yield can be achieved, comparable to those achieved through the polyol 

process. 

2.5. Effect of reaction parameters on green synthesis of 1D Ag nanostructure 

 The effect of reaction parameters such as pH, temperature, reducing agent concentration, and 

silver precursor concentration is crucial for the formation of 1D silver nanostructures such as 

AgNRs and AgNWs. To facilitate the growth of 1D nanostructures, the reaction conditions 

should be favorable to initiate an anisotropic growth of the seeds in a kinetically controlled 

synthesis process by adjusting and controlling the generation and deposition rate of silver 

atoms376. When the number of atoms for heterogeneous nucleation is lower than the growth sites 

on a seed surface, the seed is expected to undergo an anisotropic growth377. There are different 

ways to make this process possible. For instance, applying a relatively low temperature (i.e room 

temperature) can result in the suppression of adatomic diffusion, and consequently results in an 

anisotropic growth process377. However, this also depends on the reducing capability of the 

reagent at room temperature as well as its concentration, reaction pH, and metal precursor 

concentration. For instance, tannic acid, which is a hydrolysable form of tannin, has been used for 

the synthesis of both AgNPs and AgNWs372,378,379. Tannic acid has the potential to be hydrolyzed 

into glucose and gallic acid in weak basic/acidic conditions at room temperature380,381. Gallic acid 

can serve as a reducing agent while glucose serves as a stabilizing agent382. This promising dual 

property of tannic acid makes it usable as both reducing and capping agent. Reducing capability 

of gallic acid increases by increasing the pH382. In the case of AgNP synthesis at room 
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temperature and basic pH using tannic acid, gallic acid plays its role as a strong reducing agent 

while glucose acts as a strong stabilizing agent383,384. However, in the case of AgNW or AgNR 

synthesis at room temperature using tannic acid, the acidic pH is considered to be more favorable 

due to the slower reduction rate provided by gallic acid379. Three studies agree on the fact that 

acidic pH is more favorable for the growth of 1D nanostructures in the presence of tannic 

acid295,372,379. However, higher temperatures may not be favorable for anisotropic growth due to 

highly rapid nucleation. Two studies have considered the room temperature conditions to be more 

favorable for the growth of AgNWs in acidic pH and the presence of tannic acid372,379. However, 

only one study by Dong et al. reported elevated temperatures (50 ºC) to be more favorable for the 

formation of AgNWs295. Although they mentioned that this is due to difference in facet 

absorption energy at different temperatures, a clear and deep explanation remains disputed as why 

this difference occurs. The study on the effect of pH and temperature on the yield of 1D silver 

nanostructures using other green reagents remains limited.  

The concentrations of the reducing agent and silver precursor are other important factors in 

controlling the yield of 1D Ag nanostructures. Yi et al. investigated the effect of tannic acid 

concentration on the yield of 1D nanostructures by changing its concentration from 5 to 1 mM 

while keeping the AgNO3 concentration at 3 mM379. They demonstrated that the yield of 1D 

nanostructures such as nanorods increased as the tannic acid concentration decreased to 1 mM. 

This is also in accordance with the study by Tian et al. where they used a 1 mM tannic acid 

concentration372. This was attributed due to the sufficiently slow reduction process for the 

formation of single crystal nanowires. However, the mere effect of AgNO3 concentration on the 

yield of 1D silver nanostructures was not investigated.  

Considering the knowledge gap in green synthesis of 1D Ag nanostructures, it is essential to 

expand the number of green reducing agents for synthesis of 1D Ag nanostructures. Moreover, 

the future studies are expected to focus on effect of reaction parameters investigation on yield and 
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aspect ratio of 1D Ag nanostructures in these novel green and sustainable synthesis processes to 

not only tune the generation or deposition rate of silver atoms, but to control the surface diffusion 

rate of adatoms as well. Finally, due to the intrinsic instability of a 1D nanostructures because of 

their large surface to volume ratio, it is essential to manipulate the reaction conditions and 

parameters to preserve their 1D structure during the green synthesis process. 

2.6. Current state and key challenges in green synthesis of 1D Ag nanostructures 

There are few green and sustainable methods of 1D synthesis of Ag Nanostructures in which 

most of the synthesis are in small-scale for a feasibility study. There are also inherent challenges 

in batch synthesis, such as challenges in batch-to-batch reproducibility. Moreover, there is a lack 

of fundamental understanding behind the synthesis reaction mechanism, and the functionality and 

responsibility of the specific compounds are not well understood. Without this fundamental 

knowledge, it is not possible to control and tune the size and morphology of the synthesized 1D 

Ag nanostructures, and there is a broad size distribution as well. By understanding the role of 

each functional group in the reduction, nucleation, and growth of silver nanostructures, it would 

be possible to predict the applicability of the other novel green reducing agents offered by nature 

for silver and consequently other 1D metal nanostructures synthesis. 

2.6.1. Inherent challenges in batch small-scale green synthesis of 1D silver nanostructures 

A major gap in green 1D silver nanostructure synthesis processes resides in the small-scale of 

their production with low efficiency and predictability, which has not been implemented beyond 

the bench. The reasonable control of the synthesis process of green synthesized 1D silver 

nanostructures is still a challenge in their batch synthesis along with the challenges in batch-to-

batch reproducibility. It is essential to investigate the effect of all of the reaction parameters on 

the size and morphology of the synthesized 1D Ag nanostructures, and find the most essential 

parameters that predominately control the morphology and yield of 1D Ag nanostructures. 
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Moreover, it is important to investigate not only the simultaneous effect of these parameters but 

also, to find the optimal reaction conditions at which the yield of 1D Ag nanostructures is 

maximized. 

2.6.2. Lack of recipe in green synthesis of 1D silver nanostructures 

Countless numbers of plant extracts from different parts of plants have been reported for the 

synthesis of silver nanoparticles. Although there are many published studies regarding the green 

synthesis of silver nanoparticles, there are comparatively few regarding 1D ones. Moreover, 

among these few studies, some of them are by the assistance of microwave or ultraviolet 

irradiation process and high energy requirements. Not only there are few studies, but all of them 

are in very small-scale reactions with low yield of 1D nanostructures compared to other 

nanostructures. This indicates a huge gap in green synthesis of 1D Ag nanostructures and the 

necessity to expand the number of green reducing agents, specifically plant-based ones offered by 

nature for synthesis of 1D Ag nanostructures. 

2.6.3. Lack of fundamental understanding behind the green synthesis of 1D silver nanostructures 

The concept of size, morphology, and shape control of silver nanostructures can be achieved by 

investigation of the growth mechanism and adjusting synthetic parameters. The advantages of 

utilizing different green reducing agents such as plants and plant-derived reagents for silver 

nanoparticle synthesis have been of interest in studies to evaluate the mechanism behind the 

synthesis process including uptake of the metal ions, their bioreduction, and the possible growth 

route for nanoparticle formation. However, there is a lack of fundamental knowledge regarding 

the reaction mechanism of green synthesis of 1D silver nanostructures, specifically 

environmentally friendly large-scale synthesis, a process with strong potential to overcome the 

challenges in chemical synthesis of 1D silver nanostructures. After finding the specific 

biochemical compound(s) or ingredient(s) in the green reducing agents that is responsible for the 
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reduction of metal ions and consequently growth of nanoparticles to a desired morphology, it is 

essential to investigate the reaction mechanism, which would be crucial to control the reaction 

and consequently control the size, shape, and morphology of the synthesized 1D silver 

nanostructures. This would be achievable by understanding the exact route including reduction, 

nucleation, and growth of their green and sustainable synthesis process. 

2.7. Lessons from green Synthesis of silver nanoparticles towards green synthesis of 1D 

silver nanostructures  

Many green reagents can act as reducing and capping/stabilizing agent at the same time. 

However, this depends on the reaction mechanism and molecular structure of the reagent and its 

ingredients including particular functional groups such as amines, aldehydes, and carboxylates, to 

name a few 203. Understanding the reaction mechanism is essential to tune and control the size 

and morphology-dependent properties of silver nanostructures. An important aspect in achieving 

1D Ag nanostructure is identifying key factors controlling the stabilization and growth of 

initially-formed Ag seeds. Nevertheless, a clear description of how natural organic molecules can 

direct growth of AgNWs remains absent and only a few studies have discussed a possible 

mechanism in that regard. Fortunately, the mechanism of AgNWs synthesis via the polyol 

process is better understood and can be a useful guide in understanding the reduction process and 

diagnosis of responsible functional groups and binding mechanisms which direct the growth of 

1D Ag nanostructures in a green synthesis process. In the case of polyol synthesis, PVP controls 

the capping/stabilizing mechanism, ethylene glycol controls the reduction process, and the 

temperature and the pH are among the factors that control the kinetics. In the polyol process, PVP 

binds to {100} facets of initially-formed seeds through Ag-O bonding 203, and directs the growth 

through the {111} facet (figure 2.2). In fact, the adsorption on {100} facets shall be much 

stronger compared to {111} facets for the growth to take place 94. In the study performed by Lin 

et al., polyhydroxy components such as alkaloids, flavonoids, and polysaccharides acted as 
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capping ligands for the growth of AgNWs 374. Many of the mentioned components contain 

carbonyl groups similar to PVP, which could possibly be responsible for ligand bonding. In 

addition, Lin et al. stated that the Ostwald ripening process was one of the factors in growth of 

AgNWs, which was also reported previously in the polyol process 385. 

 

In another study performed by Dong et al., the tannin molecules bound to four {100} facets of 

AgNWs, leaving two other {100} facets free for growth 295. Tannin molecule also has carbonyl 

groups, which might have been taking part in formation of ligand bonds. In a recent work, 

Villalpando et al. used Lavandula angustifolia extract to synthesize AgNWs 386. They mentioned 

that some compounds such as saponins and glycosidics that are present in the extract 387, are 

responsible for 1D growth of nanostructures. However, Ag-ligand interactions are part of a larger 

chain in the synthesis process and are related to other factors such as reduction rate, complex 

formation, and temperature. For instance, as mentioned earlier in the study conducted by Dong et 

al., higher temperatures (>50 ºC) made the conditions difficult for tannin molecules to effectively 

Figure 2.2: Synthesis steps and reaction mechanism for AgNWs polyol synthesis. 
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bind themselves (due to lack of adequate time) to {100} facets of AgNWs, in which case 

nanoparticles were formed instead of nanowires 295. In addition, tannin molecules are able to form 

stable complexes with Ag+ ions 373, which results in decreasing the reduction rate, paving the way 

for 1D anisotropic growth 388. It was also previously mentioned that acidic pH is more in favor of 

AgNW formation due to moderation of reduction rate 295,379. For instance, Dong et al. showed that 

the yield of AgNWs decreased by increasing the pH up to 9, while the yield increased by 

lowering the pH to 5 295. However, further decrease resulted in a smaller yield, which was 

attributed to an excessive decrease in reduction rate. Nadagouda et al. synthesized AgNRs in the 

presence of vitamin B2 in aqueous solution and reported that the self-assembly of AgNRs was 

due to strong interparticle Van-der-Waals and hydrophobic interactions 208. The use of exotic 

seeds was therefore not needed due to the self-assembly. In addition, vitamin B2 was able to form 

complexes with Ag+ ions and help to reduce the reaction rate, which leads to anisotropic growth 

of AgNRs. Wang et al. synthesized AgNWs using glucose in hydrothermal conditions (180 °C 

and under autoclave), and reported that the lower the concentration of Ag+, the more favorable the 

anisotropic growth of AgNWs. They added NaCl to the AgNO3 solution in order to form AgCl 

colloids. Due to low solubility of AgCl in water, the concentration of Ag+ is low at 180 °C, which 

was favorable to growth of AgNWs. On the contrary, AgNPs were formed when only AgNO3 

was used. In the latter condition, the reduction rate of Ag+ ions is higher, which does not allow 

growth of AgNWs. Another important factor is the diffusion of initially formed seeds. 

Villalpando et al. recently reported that centrifugation is able to enhance the diffusion rate and 

therefore favor the growth of AgNWs 386. They reported that AgNW growth is affected by 

coalescence and interparticle diffusion mechanism as a result of a secondary nucleation process, 

where smaller particles are coalesced into forming AgNWs, as described previously 389. 

Enhancement of diffusion and growth of AgNWs using magnetic stirring was also reported 

previously 390. 
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2.8. Conclusion 

The synthesis process is substantial to determine the size and morphology of Ag nanostructures. 

The green procedures for synthesis of silver nanostructures in addition to the most common 

chemical and physical methods were reviewed. The advantages of green synthesis methodologies, 

such as their low cost, low energy consumption, scale-up capability, and simplicity that 

outweighs their disadvantages compared to the chemical and physical synthesis methodologies 

were discussed. Green synthesis processes were classified, among which synthesis of Ag 

nanostructures using plant extracts are considered to be a promising route due to their simple 

utilization, aqueous nature, and non-toxic properties. Plant extracts are likely to contain certain 

natural compounds such as polyphenols, flavonoids, alkaloids, and different functional groups 

such as hydroxyls and carboxylic acids, which can provide strong reducing and capping 

capability. Due to their broad scope, plant extracts are used for preparation of various Ag 

nanostructures with different sizes, and the literature studies on this subject have been growing 

during the last decade. The different green reagents based on studies in the literature at different 

reaction conditions to synthesize Ag nanostructures with different sizes and morphologies were 

outlined. In addition to reagent type, synthesis of Ag nanostructures using plant extracts is highly 

dependent on various process factors such as temperature, reagent concentration, and pH that 

were discussed. Green synthesis of AgNWs using plant extracts is gaining more attention and 

various compounds such as tannins, glucose, clove oil, and other natural extracts may be used as 

both reducing and capping agents to synthesize 1D Ag nanostructures. Unlike the polyol process, 

the green route consumes much less energy and is simpler. The aspect ratio of 1D Ag 

nanostructures is dependent on the temperature, pH, solvent, and reagent type. The 1D Ag 

nanostructure formation mechanism, and how those factors can be tailored to increase their yield 

were discussed. The advantages of the green synthesis technique make it a valid and promising 
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platform for facile and high-yield synthesis of 1D Ag nanostructures such as AgNRs and 

AgNWs. 

The current advances in in-situ quantitative understanding using different instrumentation in the 

course of the reaction, including reduction, nucleation, and growth, will allow precise control of 

the size and morphology of metal nanostructures. In-situ UV-vis can be used not only to 

investigate the optical properties of metal nanoparticles, but to monitor their quantitative 

formation and size as well. In-situ FTIR spectroscopy can be used to find the different functional 

groups responsible for the reduction of metal ions and stabilization of metal nanoparticles from 

the peak positions in the spectrum. Future research is expected to focus on integration of these in-

situ characterization techniques to the batch green synthesis of 1D silver nanostructures to come 

up with the exact reaction mechanism, and consequently not only to control their size and 

morphology, but to expand the number of reducing and capping agents offered by nature for the 

synthesis of 1D silver nanostructures as well. Moreover, future research is expected to focus on 

large-scale industry relevant scale 1D silver nanostructure production in a green, sustainable, and 

continuous manner. The design of novel laboratory flow reactors has the potential to reduce 

waste, minimize the building space and energy requirements, and yield more accurate predictive 

models during development and manufacturing. The flow reactors, such as microfluidic reactors, 

offer uniform heat and mass transfer, more homogenous mixing of reagents, higher yield, and 

throughput, and are adaptable for in-situ monitoring characterizations. However, microfluidic 

devices’ fabrication is time and resource-sensitive, and requiring complicated facilities that 

support the advantages of millifluidic flow reactors in nanoparticle synthesis. These novel reactor 

systems offer similar advantages to microfluidic ones, while being easier to fabricate, simpler to 

reconstruct, and even more adaptable for in-situ monitoring characterizations. Larger surface to 

volume ratio and precisely controlled flow patterns that consequently increase heat and mass 

transfer rate, coupled with inherent safety are among other advantages of flow millifluidic 
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platforms 4,70,391. Application of a continuous millifluidic reactor has potential to be a method to 

overcome the challenges in batch green 1D silver nanostructure synthesis through control of a 

uniform chemical and thermal reaction environment in a small reaction volume. Novel in-situ 

characterization techniques are essential for reaction mechanism investigation to control the 

morphology of the synthesized 1D Ag nanostructures in a continuous millifluidic reaction as well. 

In-situ X-ray absorption spectroscopy (XAS) is a versatile technique that provides an opportunity 

to investigate the reaction dynamic and mechanism of 1D metal nanostructure growth in 

millifluidic reactor to further control their morphology, size distribution, and crystal structures. 

This expected future research direction will enable a synthesis route where 1D Ag nanostructure 

properties can be selected and tuned by simple alteration of reaction parameters and millifluidic 

reactor design to produce these nanostructures in an industrial relative scale in a green and 

sustainable manner. Furthermore, it is critical to optimize these green and sustainable techniques, 

not only in terms of scale-up capability, but also in aspects of product quality and performance. 

Finally, the Artificial Neural Network (ANN) tools application in nanomaterial synthesis such as 

1D silver nanostructures will prime to save time and expenditure by predicting the reactions’ 

outcomes in which the most desirable nanomaterial size, morphology, and yield is achieved. Data 

from different characterization techniques including scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), UV-visible spectroscopy (UV-vis), Fourier transfer 

infrared spectroscopy (FTIR), and X-ray absorption spectroscopy (XAS) may be utilized to train 

the network to optimize the green synthesis of metal nanostructures as well as to predict the size 

and morphology of the synthesized metal nanostructures at different reaction conditions. It will 

consequently have a significant impact on industrial large-scale manufacturing of metal 

nanostructures, in which new molecule discovery as well as the development of alternatives to 

existing chemical processes will be discovered. Ultimately it will address the principal need in 

coupling green metal nanostructure synthesis, novel in-situ characterization techniques, and 
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Artificial Intelligence (AI) tools. A schematic on future direction in green and sustainable 

synthesis of Ag nanostructures with focus on 1D ones is shown in figure 2.3. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Expected future direction in green and sustainable synthesis of 1D Ag nanostructures. 
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CHAPTER III 
 

 

GREEN, SUSTAINABLE, AND ROOM-TEMPERATURE SYNTHESIS OF SILVER 

NANOWIRES USING TANNIC ACID – KINETIC AND PARAMETRIC STUDY 

 

3.1. Introduction 

Commercially available nanomaterial-based goods and products have already been impacted by 

unique characteristics of nanomaterials such as metal nanostructures; however, inherent 

challenges in their precisely controlled large-scale synthesis in a sustainable manner restrain their 

impacts to the fullest. Uniform size, morphology, and size distribution in the synthesis processes 

are essential to eliminate or minimize the heterogeneity in downstream nanomanufacturing 

processes, which is a fundamental challenge. The additional expenditure for the safety and 

sustainability of large-scale metal nanostructure synthesis and their transfer from the small 

laboratory scale to the large industrial scale is also worth considering. The nanoscience and 

nanotechnology research for the green and sustainable synthesis of noble metal nanostructures 

has been gaining considerable attention during the last two decades. Potential environmental 

impacts, safety issues, scale-up challenges, and costs regarding the production of nanomaterials 

have led many researchers to come up with novel approaches for the synthesis of nanomaterials 

without needing to use hazardous substances, high-energy processes, and expensive instruments.
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The green synthesis of noble metal nanostructures can be defined as a set of sustainable, 

environmentally friendly, and inherently safe methodologies performed under the green chemistry 

metrics, including inhibition of waste generation, maximizing the product yield with respect to 

material consumption, using less- or non-hazardous chemicals, using energy-efficient processes, 

and using renewable and naturally-degradable materials270. Although there are many published 

studies regarding the green synthesis of Ag nanostructures, there are comparatively few regarding 

1D ones such as AgNWs. Not only are there few studies, but most are carried out in very small-

scale reactions with very low yield of 1D nanostructures. This indicates a huge gap in the green 

synthesis of 1D Ag nanostructures and the necessity to expand the number of green reducing agents, 

specifically plant-based ones offered by nature. There is also a lack of fundamental knowledge 

regarding the kinetic and thermodynamic factors’ influence on the green and sustainable synthesis 

of 1D Ag nanostructures. Monitoring reagent consumption and AgNW formation is essential to 

find out the reaction mechanism behind the synthesis to transfer to industrial-demand production 

through scale up. One of the first steps in the green synthesis of metal nanostructures is the selection 

of green reducing and capping/stabilizing agents. Thanks to more than a decade-long research, this 

can be achieved by selecting from a wide variety of reagents including plant-based ones such as 

sugars203,392, vitamins305,306,393, polyphenols394,395, and other types of plant extracts, as well as 

microorganisms such as fungus176,178, bacteria284,285, microalgae279,396, yeasts182,183, and plant-based 

viruses265,278. Among these reagents, a strong attention has been paid to plant derivatives and 

extracts since microorganisms can be pathogenic (i.e. bacteriogenic and fungal species), and they 

often suffer from low reduction rate and low productivity1. Plant extracts can be more favorable 

due to non-pathogenic behavior, higher reduction rate, higher productivity, versatility, simplicity, 

low cost, and the possibility of scale-up1,190. Among those, polyphenols, in particular, are promising 

candidates to act as both reducing and capping/stabilizing agents for the synthesis of noble metal 

nanostructures144,190,386 such as gold and silver380,395, and can be found in abundance. In fact, one of 
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the reasons that plant extract-synthesis of noble metal nanostructures has emerged as a popular 

approach is due to the rich presence of polyphenolic compounds in most types of plant 

extracts309,319,324. Polyphenols have multiple hydroxyl functional groups, which are responsible for 

the reduction of positive metallic ions to the atomic form with neutral charge, which lead to nuclei 

formation and consequent crystal growth and ultimately the formation of metal nanostructures. In 

particular, tannins are highly abundant and are phenolic compounds with the ability to synthesize 

silver nanostructures with different morphologies. Tannins are classified into three types including 

hydrolyzable, condensed, and pseudo/phloro tannins397,398. Tannic acid that is a hydrolyzable form 

Figure 3.1: A) Chemical structure of tannic acid, B) Transformation of galloyl residues 

to the quinone form during the reduction of metal cations. 
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of tannin, also known as a type of gallotannin, is a form in which the central position in its molecule 

is occupied by glucose surrounded by multiple galloyl residues (Figure 3.1.A), is a promising 

candidate as a reducing agent for the synthesis of silver nanostructures 382,399. Due to the highly-

dense presence of hydroxyl groups, inter- and intra-molecular hydrogen bonding occurs378. The 

intermolecular hydrogen bonds facilitate the transport of metal ions into the molecular cage of 

tannic acid, which then will be reduced to the neutral atomic form378. The reaction mechanism for 

the reduction of Ag+ to Ag0 is as follows: the phenolic groups in galloyls interfere in the redox 

process by transforming into the quinone form and donating electrons, which then will trigger the 

reduction of silver cations to silver atoms (Figure 3.1.B)382. Tannic acid has 25 phenolic hydroxyls 

with only 10 pairs of o-dihydroxyphenyls being capable of taking part in the redox reaction379,399. 

In fact, only two of the hydroxyls in each galloyl group at the meta and para positions of the benzene 

ring (ortho or para positions with respect to each other) donate electrons and transform into the 

quinone form (Figure 3.1.B)379. As a result, each tannic acid molecule is capable of donating 20 

electrons to Ag+ ions, in which a molar ratio of 0.05 (tannic acid to Ag+ ions) satisfies the 

stoichiometric equivalency399. In addition, the electron donation and transformation to the quinone 

form is supported by the chelating activity of the o-dihydroxyphenyl derivatives and limitations on 

carbon valency379,397,400. Chelation of Ag+ ions is important in controlling the reduction rate. Tannic 

acid is capable of chelating Ag+ ions, and can decrease the number of free Ag+ ions in the solution, 

which results in a decrease in the reduction rate399,401,402.  

Naturally, tannic acid has mild acidic properties and can act as a weak reducing agent for the 

formation of metal nanostructures at room temperature380,399. However, tannic acid can be partially 

hydrolyzed into glucose and gallic acid in weak basic/acidic conditions380,381. For silver 

nanostructure synthesis, gallic acid at room temperature and basic conditions, will enhance the 

reduction process and therefore, will quickly result in the formation of nanoparticles383, while not 

stabilizing the nanoparticles to prevent aggregation. Glucose, on the other hand, is a weak reducing 
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agent but is a strong stabilizing agent, which results in the stabilization of nanoparticles384. By 

combining these two effects, tannic acid can be used as both reducing and capping/stabilizing 

agents for the synthesis of metal nanostructures, including silver and gold, which has been reported 

previously372,403–405.  

One of the first studies on the synthesis of silver nanoparticles using tannic acid was carried out in 

2007 by Tian et al.380. They were able to synthesize silver nanoplates in a two-step process by 

initially synthesizing silver seeds using sodium borohydride (used for the formation of seeds) in 

the presence of trisodium citrate. Afterward, they mixed the tannic acid (1 mM) and AgNO3 (5 

mM) solutions and maintained the synthesis solution at room temperature for 12 hours. The 

synthesized silver nanostructures had triangular and hexagonal morphologies along with other 

nanostructures with irregular morphologies. They also demonstrated that a decrease in the number 

of seeds resulted in a lower reduction rate, which was necessary for the formation of silver 

nanowires (AgNWs). Two years later, they came up with the seed-free synthesis method using 

tannic acid without needing to use any additional capping agents or surfactants372. The synthesis 

conditions were similar to their previous study, except that the initially synthesized seeds were not 

used in the process. They obtained a 5-10 % yield (percentage of nanowires relative to other 

nanostructures) of AgNWs, which were 25 nm in diameter on average, and as long as 4 µm in 

length. They reported that the slow reduction rate, due to the low temperature and low tannic acid 

concentration was in favor of the formation of twinned silver seeds with decahedron morphologies 

as well as anisotropic growth. In another study, Sivaraman et al.399 synthesized silver nanoparticles 

with sizes between 3.3 to 22.1 nm using tannic acid at alkaline condition (pH=8). They showed that 

the molar ratio of tannic acid to AgNO3 was a crucial factor to control the nucleation and growth 

of silver nanoparticles. It was reported that a molar ratio of 0.05 resulted in a more rapid formation 

of nanoparticles compared to the molar ratio of 1. This was attributed to the saturation of tannic 

acid complexes with 20 Ag atoms at the molar ratio of 0.05, which allowed faster nucleation. In 
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the same year, Bulut et al.378 synthesized silver nanoparticles with spherical morphology using 

tannic acid. They demonstrated using Fourier-transform infrared spectroscopy (FTIR) that the 

phenolic groups from the galloyl units were responsible for the reduction as well as surface 

stabilization of the silver nanoparticles. Later in 2011, Yi et al.379 investigated the effect of tannic 

acid concentration and pH on the morphology of silver nanostructures synthesized at room 

temperature. They showed that acidic pH was more in favor of the formation of one-dimensional 

(1D) nanostructures. The relatively weak reduction rate at slightly acidic pH (6) was favorable for 

the growth of AgNWs. More recently, Hao et al.406 synthesized spherical silver nanostructures 

using tannic acid at room temperature. They showed that an increase in the molar ratio of tannic 

acid to silver ions resulted in a decrease in the particle size. However, it is important to note that 

ammonia was used as the solvent for AgNO3, and tannic acid was mixed with the silver-ammonia 

solution (Ag(NH3)2
+). They were able to obtain nanoparticles as small as 6.4 nm by adjusting the 

molar ratio of tannic acid to silver-ammonia to 0.4.  

Although many studies have used tannic acid as both reducing and capping/stabilizing agents for 

the synthesis of silver nanoparticles, a detailed investigation on how the yield of AgNWs is 

affected by various reaction conditions remains absent. The tannic acid-mediated synthesis of 

AgNWs can be highly sensitive to certain reaction conditions such as light and pH. In addition, 

understanding the underlying mechanisms for how reduction kinetics control the nucleation and 

growth is beneficial for understanding how the anisotropic growth of AgNWs occurs when tannic 

acid is used as both the reducing and capping/stabilizing agents. The current polyol process, 

which is commonly used for the synthesis of AgNWs, is relatively energy consuming and 

requires an additional capping agent (PVP) and salt mediator (i.e. CuCl2, NaCl), thus increasing 

material and energy consumption. In addition, the cost of raw materials is higher compared to 

tannic acid, which poses economic challenges for the large-scale synthesis of AgNWs. Despite 

the advantages offered by the tannic acid-mediated synthesis of AgNWs compared to the polyol 
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process; however, the yield of AgNWs is typically low. As mentioned previously, the synthesis of 

AgNWs using tannic acid has been already carried out by only a few studies previously 

[23,32,39], yet such processes not only suffer from a low yield (5-10% or lower), but there is also 

a lack of understanding regarding the underlying mechanisms, such as the reduction kinetics. In 

addition, it is not clear how light affected those synthesis processes, which is a crucial factor in 

controlling the reduction rate and the formation of AgNWs when tannic acid is used as both the 

reducing and capping agent based on our study. In this study, we reported the synthesis of 

AgNWs using tannic acid with moderate yield (~50%) and analyzed the photosensitivity of the 

synthesis reaction at three different illumination conditions. We provided a kinetic model that 

describes the Ag+ reduction to Ag0 during the course of reaction for each illumination condition. 

We also discussed the underlying mechanisms that favor the anisotropic growth of nanostructures 

and investigated the effect of different reaction parameters including tannic acid/silver nitrate 

molar ratio, pH, and stirring rate on the yield of AgNWs. To the best of our knowledge, this is the 

first study to analyze the photosensitivity of tannic acid-mediated synthesis of AgNWs, and the 

first study to report the synthesis of AgNWs using tannic acid with moderate yield. The cheaply-

synthesized AgNWs may be used for the preparation of conductive inks used for manufacturing 

eco-friendly transparent conductive films (Eco-TCFs)107,362. Finally, the fundamental knowledge 

gained in this study is the critical foundation to further advance the green and sustainable metal 

nanostructure synthesis. 

3.2. Experimental methodology 

3.2.1. Materials and methods 

Silver nitrate (AgNO3, MW: 169.87 g/mol, product number: S0139), tannic acid (MW: 1701.2 

g/mol, product number: 403040), 2,4,5,7-Tetrabromofluorescein (TBF) also commercially known 

as Eosin Y (MW: 647.89 g/mol, product number: E4009), 1,10 Phenanothroline (PHEN, MW: 
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180.21 g/mol, product number: P13002), sodium hydroxide (NaOH, MW: 40 g/mol, product 

number: 415413), and sodium acetate (MW:82.03 g/mol, product number: S2889) were all 

purchased from Sigma Aldrich. Deionized water (DIW, ASTM type II) was used as the solvent to 

prepare aqueous AgNO3 and tannic acid solutions. The synthesis process was carried out in batch 

processes by mixing the AgNO3 and tannic acid solutions in 100 mL round glass flasks. The mixing 

in the flask was controlled by a magnetic stirring bar.  

3.2.2. Synthesis of silver nanostructures using tannic acid 

In a typical batch experiment, 20 mL of the tannic acid solution (5 mM) was added to the 100 mL 

three-necked glass flasks followed by the dropwise addition of 20 mL AgNO3 solution (5 mM) 

using Pasteur pipettes. Prior to the addition of AgNO3, the pH of tannic acid was adjusted to 4 by 

adding sodium hydroxide (NaOH, 0.1 M solution). A magnetic stirring bar rotating at 300 RPM 

was also used for mixing. To investigate the effect of light on the synthesis of silver nanostructures, 

the reaction was carried out in three different conditions including fully illuminated, partially 

illuminated, and dark. In the fully illuminated condition, the glass flask was exposed to white 

fluorescent lamps (25 Watts T8 Philips white fluorescent lamps, provided by Energy Advantage) 

in the laboratory without having any physical covering. In this case, the value of the incident light 

intensity being irradiated to the solution inside the flask was measured to be 676 LUX. In the 

partially illuminated condition, the glass flask was partially covered with aluminum foil in a way 

that the solution was exposed to the light only through the three top necks of the flask. In this case, 

the value of the incident light intensity to the solution inside the reaction flask was measured to be 

90 LUX. In the dark condition, the flask was completely covered with aluminum foil and the 

solution had no exposure to the light. For all conditions, the reaction continued for 4 hours and was 

maintained at room temperature. The light conditions, for all three experiments, were sustained 

throughout the reaction process. After the completion of the experiments, the samples were diluted 

with deionized water and centrifuged multiple times at 3,000 RPM for 30 minutes. Furthermore, to 
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do a parametric study, different tannic acid/silver nitrate concentration ratios (0.2, 0.6, 1, 1.66, and 

5), pH (4, 5, and 6), and stirring rates (0, 300, and 600 rpm) were tested at partially illumination 

condition for the synthesis of AgNWs.  

3.2.3. Ag+ concentration measurement  

To observe the change in Ag+ 

consumption, the concentration of 

Ag+ ions was measured using a 

method similar to a 

spectrophotometric approach first 

introduced by El-Ghamri and Frei407. 

In this method, TBF and PHEN were 

used as the compounds able to form 

a complex with Ag+ ions. This 

complex was shown to be in the form 

of [PHEN.Ag-PHEN]2
+TBF2- in an aqueous solution407. This complex is detectable by the UV-

visible (UV-vis) spectroscopy by showing a peak at 550 nm. Both PHEN and TBF were used in 

the form of powder. The PHEN solution (4.5 ×10-3 M) was prepared by dissolving the powder in 

ethanol (99%). The TBF solution (1.5 ×10-3 M) was prepared in the same manner by dissolving the 

powder in ethanol. In addition, 40 mL of acetate buffer solution with a pH of 5.2 was prepared by 

dissolving sodium acetate (0.25 g) and acetic acid (54 µL) in deionized water. In order to prepare 

the TBF-PHEN mixture that was used to prepare the complex mixture, 1 mL of PHEN and 1 mL 

of TBF were added to 18 mL of the acetate buffer solution. The complex mixture was prepared by 

mixing 500 µL of the PHEN-TBF mixture with 500 µL of AgNO3 solution with different known 

concentrations. The absorbance was measured using UV-vis spectroscopy, in which the absorbance 

peak at 550 nm for each sample corresponds to its specific Ag+ concentration. A calibration curve 

Figure 3.2: Calibration curve of Ag+ concentration with respect to the 

PHEN-TBF-Ag+ complex absorbance peak. 
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was obtained by correlating the absorbance peak at 550 nm to Ag+ concentration (Figure 3.2). This 

calibration curve was used to calculate the Ag+ concentration in the synthesis solution.  

In order to measure the absorbance associated to Ag+ ions in the synthesis solution, 500 µL of the 

diluted synthesis sample using DIW (49 times) was mixed with 500 µL of PHEN-TBF to create 

the PHEN-TBF-Ag+ complex. In this case, 500 µL of deionized water was mixed with 500 µL 

PHEN-TBF to serve as the blank. The absorbance measurements were taken immediately after 

taking aliquots from the synthesis solution and repeated every 30 minutes for the three different 

illumination conditions. In addition, the absorbance of the synthesis solution was measured by 

mixing 500 µL of the diluted synthesis solution with 500 µL deionized water. In this case, deionized 

water was used as the blank. In order to remove the absorbance offset caused by tannic acid and 

the synthesized nanostructures, the absorbance of the diluted synthesis solution was subtracted from 

the PHEN-TBF-Ag+ mixture absorbance. All measurements were taken in triplicates.   

3.2.4. Characterization  

3.2.4.1. Scanning electron microscopy (SEM) 

SEM imaging was carried out by the FEI Quanta 600 field-emission gun Environmental Scanning 

Electron Microscope at the Oklahoma State University microscopy laboratory. To prepare the 

samples for imaging, 100 µL of the centrifuged sample was pipetted unto smooth carbon tabs 

placed on aluminum pins. The SEM samples were kept at room temperature conditions for 24 hours 

to allow for water evaporation. The aluminum pins containing the nanostructures were then placed 

inside the SEM sample holder for analysis.  

3.2.4.2. Transmission electron microscopy (TEM) 

TEM imaging was carried out by the JEOL JEM-2100 Scanning Transmission Electron Microscope 

System (200 kV accelerating voltage) at the Oklahoma State University microscopy laboratory. 
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The samples were prepared by pipetting 10 µL of the sample on carbon grids. The carbon grids 

were then placed inside the TEM sample holder for analysis after solvent removal.  

3.2.4.3. Energy dispersive X-Ray spectroscopy (EDS) 

The EDS analysis was carried out using a built-in Evex Nanoanalysis EDS system in the TEM 

instrument.  

3.2.4.4. UV-visible spectroscopy (UV-vis) 

The UV-visible spectroscopy was carried out using the Metler Toledo UV5 spectrophotometer. The 

measurements (wavelength from 190-1100 nm) were taken after pipetting the solution into 3 mL 

cuvettes.    

3.2.4.5. X-ray diffraction (XRD) 

XRD characterization was carried out using the Bruker D8 Advance XRD at the Oklahoma State 

University microscopy laboratory. The sample powder was obtained from the dried sample. The 

powder was loaded unto silicone sample holders and placed inside the sample chamber. 

3.2.4.6. pH measurements 

The pH of the samples was measured using the Thermo Scientific Orion Star A211 pH meter with 

the Orion 8102BNUWP probe. 

3.2.4.7. Light measurements 

The light intensity (in LUX) was measured using a Dr. Meter 1330B-V digital light meter for all 

illumination conditions.  
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3.3. Results and discussion 

Tannic acid has a dual role of reduction and capping/stabilizing in the synthesis of metallic 

nanostructures due to the presence of gallic acid and glucose in the tannic acid 

molecule295,372,378,379,382. It is possible to tune these two effects by changing the reaction conditions 

such as light, pH, tannic acid concentration, and temperature. Such changes will then result in 

different reduction rates that affect nucleation and growth, thus resulting in different nanostructure 

sizes and morphologies. The concentration of AgNO3 and its ratio with respect to tannic acid 

concentration as well as mixing are other effective factors that affect the size and morphology of 

silver nanostructures. As a result, a parametric study including the effect of those factors is crucial 

to determine how the morphology and size of the silver nanostructures are affected. This is useful 

in optimizing the desired yield of silver nanostructures (i.e. AgNWs in this study). Initially, in this 

work, the photosensitivity of the synthesis reaction has been investigated in three different 

illumination conditions, and the change of Ag+ concentration with respect to time was obtained. 

Furthermore, the effects of tannic acid/silver nitrate molar ratio, pH, and stirring rate on the size 

and morphology of silver nanostructures, and more importantly on the yield of AgNWs were 

investigated. The morphology of silver nanostructures was varied in all scenarios and the SEM 

images showed polygonal, triangular, spherical, wire-shaped, and rod-shaped structures. A direct 

correspondence of these morphologies to specific reaction conditions and calculating their precise 

yield are challenging due to irregular and varied shapes; however, it is possible to see how the yield 

of some morphologies (i.e. wire-shaped structures) increases or decreases depending on the 

reaction condition. 
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3.3.1. Photosensitivity analysis for the synthesis of AgNWs 

One of the important factors that is 

often ignored in most synthesis 

processes is the photo-induced 

reduction of metal ions for the 

synthesis of metallic nanoparticles. The 

photo-induced synthesis of metallic 

nanoparticles is advantageous in terms 

of being a clean process, and being able 

to generate reductant intermediates (i.e. 

free radicals) in the solution408. This 

process is highly versatile and may be 

used to assist the synthesis of nanoparticles regardless of the solution medium type408. The photo-

induced reduction of metal ions can generally be classified into three different categories, including 

direct photoreduction, photosensitized reduction, and photocatalytic deposition408. The first 

category includes the set of processes that occur due to the excitation of either the solvent409,410, 

chelate complexes411,412, or metal acetylides413,414, which act as electron donors. The second 

category includes the processes that occur due to the formation of intermediates such as excited 

radicals that facilitate the reduction of metal ions415,416. The third category is facilitated by reduction 

on a semiconductor surface where electrons and positive holes are generated due to the 

semiconductor photo-absorption417–419. The photo-induced reduction of metal ions is highly 

dependent on the light intensity (the amount of photons going into the system) and the light energy 

(wavelength of the photons)420. Upon the absorption of light by an electron-donor compound, 

electron transfer from a low-energy state to a high-energy state occurs (i.e. from the highest 

Figure 3.3: UV-vis spectra of 0.025 mM aqueous tannic acid 

solution. 
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occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)), which 

leads to charge transfer to metallic cations421. 

The photo-induced reduction process is highly dependent on the absorbance peak wavelength of 

the absorbent compound. A blue-shifted absorbance peak (i.e. in the ultraviolet region) means 

that a compound is able to absorb high-energy photons that could result in photoexcitation. In this 

work, we have used tannic acid as the reducing agent. Tannic acid has a UV-vis absorbance peak 

at approximately 280 nm (Figure 3.3), which lies in the UVB region. As a result, it is plausible 

that the reduction of Ag+ to Ag0 by tannic acid is directly affected by the photo-excited tannic 

acid-Ag+ complexes. Our laboratory contains white fluorescent lamps. The white fluorescent 

lamps are still a source of UV emission despite the minimization of UV emission by the lamp 

inner phosphor coating422–425. As a result, white fluorescent lamps, as the source of both UV and 

visible light, were used as the illumination source to facilitate the synthesis of silver 

nanostructures. However, due to the higher energy of UV irradiation and the absorbance peak 

wavelength of tannic acid (280 nm), the photoexcitation of Ag+-tannic acid complex is more 

likely to be affected by UV-wavelength photons rather than visible-wavelength photons.  

The Ag+ concentration curve with respect to time for all three illumination conditions is 

demonstrated in Figure 3.4. As it can be observed, the Ag+ decline is sharper for the fully 

illuminated condition compared to the partially illuminated and dark conditions. The Ag+ 

concentration decline for the partially illuminated condition is slightly sharper compared to the 

dark condition. The SEM images of synthesized silver nanostructures at the three illumination 

conditions are demonstrated in Figure 3.5. When the flask is fully illuminated, the rate of 

reduction compared to two other scenarios is maximum. Concordantly, since other factors are 

kept constant, the rate of nucleation is also highest. As shown in Figure 3.5.A, agglomerated 

nanostructures with irregular morphologies are synthesized at the fully illuminated condition, and 
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the yield of AgNWs is lower compared to the partially 

illuminated condition. Due to the agglomerated 

formation of Ag nanostructures, it is challenging to 

identify the exact morphology and size of the Ag 

nanostructures; however, by estimation, the average 

diameter and length of the AgNWs synthesized at the 

fully illuminated condition were found to be 29.3±8.1 nm 

and 1.1±0.4 µm, respectively (by measuring the diameter 

and length of 50 AgNWs). In addition, the color of the 

solution changed from colorless to yellow just within the 

first 30 minutes after the addition of AgNO3. The color then became darker, and gradually 

changed to dark green. It is plausible that the initially formed seeds underwent homogeneous 

nucleation resulting from high supersaturation. This is unfavorable for anisotropic growth 

because heterogeneous nucleation that is facilitated by maintaining the lower supersaturation 

limit is the most favorable condition for anisotropic growth377. At the partially illuminated 

Figure 3.4: The change in Ag+ concentration with respect to time 

for the three illumination conditions. 

 

Figure 3.5: SEM images of silver 

nanostructures synthesized at the three 

illumination conditions: A) fully 

illuminated, B) partially illuminated, and 

C) dark. 
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condition, the rate of Ag+ concentration reduction is lower compared to the fully illuminated 

condition (Figure 3.4), meaning that nucleation was also slower. In this case, the color of the 

solution started changing after approximately 2 hours from the beginning of the reaction. The 

SEM image of Ag nanostructures synthesized at the partially illuminated condition is shown in 

Figure 3.5.B. The synthesized Ag nanostructures contain a mixture of nanowires, nanospheres, 

and other nanostructures with irregular morphologies. However, the yield of AgNWs is higher 

compared to the fully illuminated condition, meaning that anisotropic growth was more favorable 

than isotropic growth in this case. The size of nanospheres ranged from 50 to 80 nm, and the 

diameter of the AgNWs varied between 11 and 44 nm. Due to the weaker reduction of Ag+, it is 

plausible that the supersaturation level was not as high as supersaturation in the fully illuminated 

condition, thus making the circumstances more favorable for anisotropic growth and formation of 

AgNWs. In the dark condition, the rate of Ag+ concentration reduction is smaller compared to the 

two other conditions (Figure 3.4). As can be seen in Figure 3.5.C, the Ag nanostructures include 

nanotriangles, nanospheres, and 

nanohexagons; and almost no 1D Ag 

nanostructure can be observed. The 

Ag nanostructures had a relatively 

large size and size distribution with 

the size range varied between 90 and 

500 nm.  

Figure 3.6 shows the UV-vis spectra 

of the synthesized Ag nanostructures 

at the fully illuminated, partially 

illuminated, and dark conditions. For 

Figure 3.6: UV-vis spectra of the silver nanostructures synthesized at 

the three illumination conditions (the absorbance is adjusted based on 

the Beer-Lambert law to reflect the same dilution ratio for all samples). 
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the fully illuminated condition, a peak can be observed at 403 nm. For the partially illuminated 

condition, a maximum at 390 nm and a shoulder peak at 350 nm correspond to the presence of 

AgNWs372. These peaks correspond to the transverse surface plasmon resonance (TSPR) of the 

AgNWs. For the dark condition, the UV-vis absorbance spectra show a broad absorption band that 

corresponds to different Ag nanostructures with different sizes. The results show that the partially 

illuminated condition was indispensable for the growth of AgNWs. Further characterization was 

performed for this specific reaction condition using TEM, EDX, and XRD. Figure 3.7.A shows the 

TEM image of the synthesized AgNWs at the partially illuminated condition. Figure 3.7.B shows 

the high resolution TEM (HRTEM) of a single AgNW, and figure 3.7.C and 3.7.D show the SEM 

Figure 3.7: TEM and SEM images of silver nanostructures synthesized at the partially 

illuminated condition: A) TEM image, B) HRTEM image of a single AgNW. C) SEM image 

with a magnification of 15241x, and D) SEM image with a magnification of 5138x. 
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images of synthesized AgNWs at different magnifications. The average diameter and length of 

AgNWs synthesized at the partially illuminated condition were found to be 24.4±6.6 nm and 

11.4±3.2 µm, respectively. Furthermore, Figure 3.8 shows the EDX spectra of the AgNWs, 

confirming the presence of silver. The XRD pattern of the synthesized Ag nanostructures show 

four peaks that correspond to the (111), (200), (220), and (311) plane of the face-centered cubic 

(fcc) silver crystal structure (Figure 3.9). The yield of AgNWs synthesized at the partially 

illuminated condition is estimated to be approximately 50%. This illumination condition was the 

most favorable condition for the synthesis of AgNWs with moderate yield compared to the two 

other conditions. As a result, the partially illuminated condition was maintained for the 

investigation of the effect of other factors including tannic acid/silver nitrate molar ratio, pH, and 

stirring rate. 

In order to understand the growth mechanism of AgNWs in this study, one should look at the 

main mechanisms underlying the formation of 1D nanostructures. There are two main 

mechanisms for the growth of 1D nanostructures, including atomic addition and random 

aggregation or oriented attachment377. In the case of atomic addition, 1D nanostructures are 

Figure 3.8: EDX spectra of the silver nanostructures synthesized at the partially illuminated condition. 
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formed based on atomic deposition 

resulting from either solution or surface 

reduction, while in the case of random 

aggregation and oriented attachment, 

the 1D nanostructures are formed from 

the adjacent nanoparticles with similar 

crystal structures377. In the atomic 

addition pathway, the initially formed 

seeds can either obtain single twin, 

multiply-twinned, or monocrystalline structures, while the initially formed seeds formed via the 

random aggregation or oriented attachment process often have monocrystalline structures. In the 

case of atomic addition for the formation of NWs, the crystal structure is maintained throughout 

the long axis of NWs. For instance, in the case of AgNW formation in the polyol process, the 

penta-twinned NWs are formed from decahedral seeds that are enclosed by 10 {111} facets along 

with five twin boundaries. The atoms are then deposited unto the twin boundaries and then 

diffused to the {111} facets426–429, leaving 5 {100} facets exposed, which are capped by PVP 

molecules. However, this is not the case if the initially formed seeds have a monocrystalline 

structure. For a fcc metal such as silver, the monocrystalline seeds can grow into 1D 

nanostructures with a square, rectangular, or octagonal cross section430. Those monocrystalline 

1D nanostructures can also be considered as nanocubes extended along one or two of the three 

axes of their corresponding fcc lattice; as a result, their surface is covered by {100} facets, similar 

to a nanocubes377. As it was previously shown by Tian et al.372, those monocrystalline nanowires 

maintain the {100} facets during anisotropic growth. However, it can be hypothetically 

concluded that only two of such facets are exposed to atomic addition, which explains the 

formation of AgNWs.  

Figure 3.9: XRD pattern of the silver nanostructures synthesized at 

the partially illuminated condition. 
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In general, the exact mechanism and pathway of 1D morphology formation can be debatable. 1D 

silver nanostructures can be either monocrystalline or polycrystalline containing multiple 

monocrystalline zones along their longitudinal axis, which depends on both the type of seeds that 

have initiated their growth and their growth pathway. The relative concentration or population of 

these type of seeds depends on experimental conditions that are controlled by both kinetics and 

thermodynamics. Among experimental conditions, the reduction rate and consequently nucleation 

step is specifically critical to control this relative population, which can be controlled by 

reduction kinetics. One way to promote anisotropic growth (i.e. NWs) is via the manipulation of 

the reduction kinetics (manipulation of the metal atoms generation or deposition rate, plus the 

adatoms surface diffusion rate). For fcc metals such as silver, monocrystalline seeds can grow to 

nanorods with a square or rectangular cross section. These monocrystalline 1D nanostructures can 

be considered as nanocubes extended along one or two of the three axes of their corresponding 

fcc lattice; as a result, their surface is covered by {100} facets in which case the truncation level 

at their corner is controlled by the atomic addition rate377. The multiple twin and single twin seeds 

will most likely evolve into five-fold penta-twined NRs (or NWs) and nanobeams (right 

bipyramids), respectively. Furthermore, in the absence of a corrosive anion such as chloride or 

bromide and the presence of oxygen in batch synthesis using tannic acid at room temperature, it 

can be hypothesized that there is still adequate etching to eliminate some of the multiply twinned 

seeds; however, single twin seeds are preserved431,432. By reducing the rate of reduction or rate of 

atomic addition (i.e. in the partially illuminated condition) these single twin seeds will grow into 

nanobeams (thin nanowires). Moreover, a relatively slow reduction rate favors surface reduction 

over solution reduction that is favorable for 1D growth; however, the reduction rate shouldn’t be 

too slow377. In the dark condition, in which the reduction rate is significantly slow, the formation 

of structures with stacking faults, leading to the formation of plate-like structures are dominant. In 

the fully illuminated condition where reduction rate is stronger, the metal ions generation or 

deposition rate is very fast, which makes it challenging to overcome the strong inclination of the 
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monocrystalline nanostructures to reduce their total surface energy by taking a highly symmetric 

structure (spatial arrangements of atoms). As a result, this condition is not favorable for 

asymmetric growth, which is why the yield of AgNWs is lower compared to the partially 

illuminated condition. Moreover, for 1D nanostructure growth via symmetry breaking, the ratio 

of the rate of deposition to the rate of surface diffusion needs to be well manipulated. When the 

rate of deposition is greater than rate of surface diffusion, the adatoms will stay at the deposition 

sites, which facilitates the site-selective growth377. In the partially illuminated condition, the 

moderate reduction rate will provide the moderate rate of atom deposition compared to the dark 

and fully illuminated conditions where the rate of deposition is too slow and too fast, 

respectively.  

3.3.2. Analysis of the reduction mechanism and kinetics for the synthesis of AgNWs 

The tannic acid molecule can act as a 

large supramolecular cage and 

facilitate the diffusion of Ag+ ions by 

intermolecular hydrogen bonds378. 

The high density of the hydroxyl 

groups provide strong polarity that 

enables the transport and reduction 

of positive metal cations in those cages378. Bulut et al.378 proposed a reduction mechanism in which 

the galloyl groups of tannic acid form a chelate complex with Ag+ ions, which then is followed by 

the reduction of Ag+ and transformation of the galloyl group from the phenolic form to the quinone 

form, and release of electron from the hydroxyl groups379 (Figure 3.10).  

Each galloyl group is able to donate two electrons for the conversion of Ag+ to Ag0, which enables 

electron transfer from the lone pairs belonging to the oxygen of the hydroxyl groups433. Depending 

Figure 3.10: Tannic acid mediated reduction mechanism of Ag+ to 

Ag0. 
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on the irradiation energy, some chelate complexes are able to reduce metal cations by 

photoexcitation434. In the case of phenolic compounds, the photoexcitation resulting from UV 

radiation may lead to the stretching and fission of the O-H bonds as well as proton tunneling435–437. 

This process facilitates proton elimination, which can favor the absorption and reduction of Ag+ 

ions. Tannic acid has a maximum absorbance at the wavelength of 280 nm399 (Figure 3.3). As a 

result, the stronger absorbance of UV-ranged photons by tannic acid will ultimately result in its 

photoexcitation that enhances electron donation, and reduction of Ag+ to Ag0. A higher number of 

photons resulting from a higher light intensity will further enhance this process. This is why the 

reduction of Ag+ with respect to time is strongest for the fully illuminated condition. The conversion 

of Ag+ to Ag0 is a multistep process that can be divided into two major steps. First step is the 

monoatomic reduction of Ag+ to Ag0 in the solution, which leads to nucleation. The second step 

results in the reduction of Ag+ to Ag0 at the seed surface, which leads to growth. A similar 

mechanism was previously proposed by Tatarchuk et al.438 for the synthesis of Ag nanoparticles. 

Regardless of the multi-step reduction process, the overall reduction reaction can be written as:  

𝐴𝑔+ + 𝑒− → 𝐴𝑔0 

During the reduction process, measuring the reducing agent concentration during the reaction is 

often challenging, which makes it difficult to describe the reduction kinetics. However, if the 

reducing agent is added to the metal precursor in great excess, the reduction kinetics can be 

described by the pseudo-first order mechanism, where merely the concentration of the metal cation 

is required439. In such a scenario, the concentration of the reducing agent is considered to be 

constant throughout the reaction and the reduction rate is independent of the reducing agent 

concentration439–443. In this case, the reduction can be simplified as shown in Equation 3.1.  

𝑅𝑎𝑡𝑒 = 𝑘[𝐴𝑔+][𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡] =̃  𝐾[𝐴𝑔+] Equation 3.1 
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Where 𝐾 is the Ag+ consumption rate constant (1/min), and [𝐴𝑔+] is the concentration of Ag+ ions 

at a given reaction time. Furthermore, integration yields Equation 3.2. 

 

[𝐴𝑔+]𝑡 = [𝐴𝑔+]𝑡=0exp(−𝐾𝑡) 

 

Equation 3.2 

Where [𝐴𝑔+]𝑡=0 is the initial Ag+ concentration (mM) and 𝑡 is the time (min). 

Equation 3.2 is the simplest form of the reduction kinetics. Several studies have demonstrated the 

reduction process may actually diverge from equation 3.2, particularly for those reactions with low 

reduction rate444–447. Finke and Watzky446 came up with a modified version of the pseudo-first order 

kinetic model that included two steps (nucleation and growth) in the model equation. In the first 

step, the metal cations (M+) are reduced to the zero-valent atoms (M0), which is then followed by 

their accumulation into the nuclei via homogeneous nucleation. As a result, the reaction becomes: 

𝐴𝑔+ + 𝑒− → 𝐴𝑔0                                         

𝑛𝐴𝑔0 → 𝐴𝑔𝑛
0 

This is then followed by surface reduction and growth on the initially-formed nuclei.  

𝐴𝑔+ +  𝐴𝑔𝑛
0 + 𝑒− → 𝐴𝑔𝑛+1

0  

In such a scenario, Finke and Watzky446 described the rate to be as illustrated in Equation 3.3. 

𝑅𝑎𝑡𝑒 = 𝐾1[𝐴𝑔+] + 𝐾2[𝐴𝑔+][𝐴𝑔𝑛
0] Equation 3.3446 

Where 𝐾1(1/min) is the rate constant in the reduction step, and 𝐾2(1/mM.min) the rate constant in 

the surface growth step. [𝐴𝑔+] is the silver ion concentration (mM) at a given time and [𝐴𝑔𝑛
0] is 

the concentration of the nuclei; and by approximation, it can also be written with respect to [𝐴𝑔+] 

as shown in Equation 3.4. 
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[𝐴𝑔𝑛
0] = [𝐴𝑔+]𝑡=0 − [𝐴𝑔+] 

 

        Equation 3.4439 

The rate reaction will then become as shown in Equation 3.5, where integration yields Equation 

3.6. 

𝑅𝑎𝑡𝑒 =
−𝑑[𝐴𝑔+]

𝑑𝑡
= 𝐾1[𝐴𝑔+] + 𝐾2[𝐴𝑔+]([𝐴𝑔+]𝑡=0 − [𝐴𝑔+]) 

 

 

 Equation 3.5 

 

[𝐴𝑔+]𝑡 =

𝐾1
𝐾2

+ [𝐴𝑔+]𝑡=0

1 +
𝐾1

𝐾2[𝐴𝑔+]𝑡=0
𝑒𝑥𝑝((𝐾1 + 𝐾2[𝐴𝑔+]𝑡=0)𝑡)

 

 

 

Equation 3.6 

The rate constants 𝐾1 and 𝐾2 can be derived by fitting the Ag+ concentration data in the course of 

reaction. While Equation 3.2 shows an exponential decay for the Ag+ concentration with respect to 

time, Equation 3.6 exhibits a sigmoidal behavior. In order to observe how the light-dependent 

experiments relate to those models, both Equations 2 and 6 were used to fit the Ag+ concentration 

data obtained from the three different illumination conditions, and to determine the rate constants 

for each condition. The rate constants are determined by non-linear regression with the Ag+ 

concentration data with respect to time. Figure 3.11 shows the Ag+ concentration data fitted using 

both pseudo-first order and the Finke-Watzky models. As demonstrated in Figure 3.11.A, the 

pseudo-first order model is most accurate for the fully illuminated condition with an R-squared of 

0.923. It can be further seen that the pseudo-first order model is somewhat inaccurate for the 
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partially illuminated and dark conditions (R-squared of 0.7993 and 0.6808, respectively). It can be 

deduced from Figure 3.11.A that the accuracy of the pseudo-first order model decreases as the 

consumption rate of Ag+ becomes smaller due to lower light intensity and lower reduction rate. 

Figure 3.11.B shows the Ag+ concentration data fitted using Finke-Watzky model for three 

illumination conditions. Unlike the pseudo-first order model, this model is more accurate for the 

partially illuminated and dark conditions (R-squared of 0.9672 and 0.9916, respectively). In this 

case, the model is more capable of describing the data, as the consumption rate of Ag+ becomes 

smaller due to lower light intensity and lower reduction rate. However, the Finke-Watzky model 

does not offer a better accuracy in the case of the fully illuminated condition as the R-squared is 

similar to that of the pseudo-first order model (0.923). This is due to the fact that the calculated 𝐾2 

is significantly small (10-8 1/mM.min), and it can therefore be neglected in Equation 5. The rate 

constants for both pseudo-first order and the Finke-Watzky models, and for the three different 

illumination conditions are demonstrated in Tables 3.1 and Table 3.2, respectively. In general, the 

rate constants increase as the light intensity increases. This is because of the stronger reduction 

facilitated by higher light intensities. It is challenging to fairly compare the rate constants from the 

Figure 3.11: A) Ag+ concentration change versus time fitted using pseudo-first order kinetic model (Equation 3.2), B) Ag+ 

concentration change versus time fitted using Finke-Watzky kinetic model (Equation 3.6) for the three illumination 

conditions. 

B) A) 
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pseudo-first order model due to the low R-squared values. However, a more reasonable comparison 

can be made for the rate constants in the Finke-Watzky model. It can be seen that as the illumination 

decreases (from partially illuminated to dark), the rate constant in the first step (nucleation) 

decreases from 0.000648 to 0.000126 1/min, which confirms the fact that stronger illumination will 

result in faster reduction and therefore faster nucleation.  

 Illumination condition 

Parameters Fully-illuminated Partially-illuminated Dark 

K (1/min) 0.007094 0.003247 0.001542 

R2 0.923 0.7993 0.6808 

 

 

 

 

 

As shown in Table 3.2, there was a small difference in the value of 𝐾2 for the partially illuminated 

and dark conditions. Considering the significant difference in the yield of AgNWs for the dark and 

partially illuminated conditions, this suggests that the difference in the first step (homogeneous 

nucleation) was mainly important in altering the course of the reaction. A small value of 𝐾1 in the 

first step, which is the case for the dark condition (0.000126 1/min), leads to the formation of 

structures with stacking faults (not based on the minimization of surface energy), which lead to 

plate-like nanostructures. On the other hand, the value of 𝐾1for the partially illuminated condition 

is almost five times that of the dark condition. A higher yield of AgNWs in the partially illuminated 

condition implies that the first step, which is influenced by illumination, was a determining factor 

for the manipulation of different types of seeds and their relative concentration or population. 

Although the Finke-Watzky model can effectively describe Ag+ reduction in the partially 

 Illumination condition 

Parameters Fully-illuminated Partially-illuminated Dark 

K1 (1/min) 0.007094 0.000648 0.000126 

K2 (1/mM.min) 10-8 0.010935 0.012967 

R2 0.923 0.9672 0.9916 

Table 3.1: Pseudo-first order model (Equation 3.2) parameters for the three illumination conditions. 

Table 3.2: Finke-Watzky model (Equation 3.6) parameters for the three illumination conditions. 
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illuminated and dark conditions, it does not offer a better fit for the fully illuminated condition 

compared to the pseudo-first order model. A pseudo-first order kinetics is inspired by first-order 

kinetics, which merely applies for elementary reactions448. Nevertheless, the photo-assisted 

synthesis process can inevitably result in the formation of radicalized intermediates in which case 

the reduction reaction may not follow an elementary mechanism. The production of radicalized 

intermediates increases as the light intensity increases. As a result, the reduction will become more 

complex for the fully illuminated condition to be described by either the pseudo-first order or Finke-

Watzky models. In such a case, the models for Ag+ concentration and reduction rate need to be 

determined experimentally448. An empirical model has been developed in this study that is derived 

mathematically from the Ag+ concentration curve as shown in Equation 3.7. 

Where [𝐴𝑔+]𝑡=𝑡𝑓
 is the final Ag+ 

concentration that is collected 

experimentally, and 𝛽 (units of min2) is a 

rate constant related parameter that has a 

negative value. 𝛽  is to be determined 

with non-linear regression of the 

experimental Ag+ concentration data 

with respect to time. We can assume that 

after a large time has passed (𝑡𝑓, in this 

case 240 minutes), the expression in the 

exponential term closes unto zero, and 

the exponential term will approximately reach unity; as a result, substituting 𝑡𝑓 in equation 3.6 will 

 

[𝐴𝑔+]𝑡 = ([𝐴𝑔+]𝑡=𝑡𝑓
− [𝐴𝑔+]𝑡=0) exp (

𝛽

𝑡2
) + [𝐴𝑔+]𝑡=0 

 

 

Equation 3.7 

Figure 3.12: Ag+ concentration change versus time fitted using the 

proposed empirical kinetic model (Equation 3.7) for the three 

different illumination conditions.  
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satisfy [𝐴𝑔+]𝑡=𝑡𝑓
= [𝐴𝑔+]𝑡=𝑡𝑓

. In addition, substituting 𝑡 = 0  in Equation 3.7 will satisfy 

[𝐴𝑔+]𝑡=0 = [𝐴𝑔+]𝑡=0. Figure 3.12 shows the model sketched for Ag+ concentration with respect 

to time for the three different illumination conditions. As demonstrated, the model is most accurate 

for the fully illuminated condition with an R-squared value of 0.9931. However, the model shows 

an R-squared of 0.9114 and 0.8548 for the partially illuminated and dark conditions, respectively. 

The accuracy of the model increases as the reduction rate increases that is due to the value of 𝛽. 

For a faster reaction, the magnitude of 𝛽 is smaller, which means that the exponential term closes 

unto unity more rapidly at a given reaction time.  

For the fully illuminated condition, the Ag+ concentration decreases more rapidly (lower positive 

value of 𝛽) in a span of 240 minutes. However, this is not the case for the partially illuminated and 

dark conditions, as it takes longer (>240 minutes) for the exponential term to approach unity. In 

order to find the relation between 𝛽 and the rate constant, the rate equation shall be written with 

respect to [𝐴𝑔+]. The rate of Ag+ consumption can be described by the derivation of [𝐴𝑔+] with 

respect to time as shown in Equation 3.8. 

𝑅 = −
𝑑[𝐴𝑔+]

𝑑𝑡
=

2 ([𝐴𝑔+]𝑡=𝑡𝑓
− [𝐴𝑔+]𝑡=0) 𝛽

𝑡3
exp (

𝛽

𝑡2
) 

 

Equation 3.8 

In order to derive an equation for the rate with respect to [𝐴𝑔+], Equation 3.7 can be rewritten for 

𝑡 as a function of [𝐴𝑔+] as shown in Equation 3.9. 

𝑡 =
√

𝛽

ln (
[𝐴𝑔+] − [𝐴𝑔+]𝑡=𝑡𝑓

[𝐴𝑔+]𝑡=𝑡𝑓
− [𝐴𝑔+]𝑡=0

)

 
 

Equation 3.9 

Substituting t (Equation 3.9) in Equation 3.8 yields Equation 3.10. 
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𝑅

=
2

√−𝛽
 ([𝐴𝑔+]

− [𝐴𝑔+]𝑡=0)𝑙𝑛 (
[𝐴𝑔+] − [𝐴𝑔+]𝑡=0

[𝐴𝑔+]𝑡=𝑡𝑓
− [𝐴𝑔+]𝑡=0

) √𝑙𝑛 (
[𝐴𝑔+]𝑡=𝑡𝑓

− [𝐴𝑔+]𝑡=0

[𝐴𝑔+]𝑡=𝑡𝑓
− [𝐴𝑔+]𝑡=0

) 

Equation 3.10 

Where 
2

√−𝛽
 can be considered as the rate constant 𝐾𝐴𝑔+, with units of 1/min. The model parameters, 

including the rate constant associated with each illumination condition, is demonstrated in Table 3. 

It can be observed that for the fully illuminated condition, the rate constant with respect to Ag+ 

consumption is highest followed by the rate constant at the partially illuminated and dark 

conditions, respectively.  

 

 

 

 

 

In order to evaluate the validity of 

the empirical model with different 

conditions, the experiments were 

carried out at different initial 

silver nitrate concentrations (3 

and 7 mM) at the fully illuminated 

condition. Figure 3.13 shows the 

model sketched for Ag+ 

concentration with respect to time 

for different initial silver nitrate 

 Illumination condition 

Parameters Fully-illuminated Partially-illuminated Dark 

𝛽 (min2) -2095.975 -12070.1731 -20988.3596 

K (1/min) 0.0437 0.01821 0.0138 

R2 0.9931 0.9114 0.8548 

Figure 3.13: Ag+ concentration change versus time fitted using the 

proposed empirical kinetic model (Equation 3.7) for the fully illuminated 

conditions at two silver nitrate concentrations (3 and 7 mM). 

Table 3.3: The empirical model (Equation 3.7) parameters for the three illumination conditions. 
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concentrations. The model shows an R-squared of 0.9963 and 0.9886 for the silver nitrate 

concentrations of 7 and 3 mM, respectively. This suggests that the empirical model is fairly accurate 

for the fully illuminated condition and the value of K may be considered to be more realistic 

compared to those calculated using the pseudo-first order and Finke-Watzky models. The model 

parameters are demonstrated in Table 3.4.  

 

 

 

 

 

The rate constant in the case of 3 mM silver nitrate was lower compared to when the silver nitrate 

concentration was 7 mM, suggesting that the reduction was faster when the silver nitrate 

concentration was higher. This can also be confirmed by looking at the rate constant calculated for 

the typical fully illuminated condition (5 mM silver nitrate), which was 0.0437 1/min. As a result, 

the reduction rate of Ag+ increases as the concentration of silver nitrate increases from 3 to 7 mM. 

This happens due to the molar ratio of tannic acid with respect to silver nitrate. Each tannic acid 

molecule on average is able to chelate 20 Ag+ ions399. As a result, a 1 mM tannic acid solution can 

satisfy a silver nitrate solution 19 times more concentrated based on stoichiometry399. Therefore, 

when the concentration of tannic acid is 5 mM, each tannic acid molecule absorbs one Ag+ ion on 

average399. As the concentration of Ag+ increases, more Ag+ ions are chelated by tannic acid, which 

results in a faster reduction. It can be understood that the Finke-Watzky model can be considered 

as a good fit for the slower reductions including the partially illuminated and dark conditions, and 

the empirical model is a good fit for faster reductions including the fully illuminated condition. In 

order to better understand the reduction rate for each condition, the rate equation needs to be written 

with respect to time and the constants calculated by non-linear regression. For the dark and partially 

 Initial silver nitrate concentration 

Parameters 3 mM 7 mM 

𝛽 (min2) -2742.6305 -1879.6499 

K (1/min) 0.0382 0.0461 

R2 0.9886 0.9963 

Table 3.4. The empirical model (Equation 3.7) parameters for the two other silver nitrate concentrations (3 and 7 mM) 

at fully illuminated condition. 
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illuminated conditions, the derivative of  [𝐴𝑔+] in Equation 3.6 shall be taken with respect to time 

to yield Equation 3.11.  

Equation 3.11 can be used to describe the rate for the partially illuminated and dark conditions. The 

values of 𝐾1 and 𝐾2 are those previously provided in Table 3.2. Furthermore, since the empirical 

model is a better fit for the fully illuminated condition, the rate equation is Equation 3.10. Figure 

3.14 shows the reduction rates sketched with respect to time. As can be seen, each rate reaches a 

maximum regardless of the illumination condition. Prior to this peak, both solution and surface 

reduction are responsible for the consumption of Ag+ ions. However, after this peak, surface 

reduction is the dominant mechanism as the color change stops and the Ag+ concentration 

decreases. For the fully illuminated condition, the rate reaches a peak after 38 minutes from the 

beginning of the reaction, while this peak is at 184 minutes for the partially illuminated condition, 

and is not reached for the dark condition within the 240-minute timespan. Since this reaction is a 

one-pot seedless synthesis, homogeneous nucleation resulting from solution reduction is necessary 

for the formation of initial seeds, which grow into AgNWs via surface reduction. However, 

maintaining a balance between solution and surface reduction is also an important factor. In the 

case of the fully illuminated condition, the high reduction rate will mostly cause homogeneous 

nucleation and result in the formation of mostly isotropic seeds. In addition, it is possible that after 

solution reduction, there will not be enough silver precursor for the surface reduction which can 

lead to the formation of AgNWs.  

 

𝑅 = −
𝑑[𝐴𝑔+]

𝑑𝑡

=

(
𝐾1
𝐾2

+ [𝐴𝑔+]𝑡=0) (
𝐾1(𝐾1 + 𝐾2[𝐴𝑔+]𝑡=0)

𝐾2[𝐴𝑔+]𝑡=0
𝑒𝑥𝑝((𝐾1 + 𝐾2[𝐴𝑔+]𝑡=0)𝑡))

(1 +
𝐾1

𝐾2[𝐴𝑔+]𝑡=0
𝑒𝑥𝑝((𝐾1 + 𝐾2[𝐴𝑔+]𝑡=0)𝑡))

2  

 

 

 

 

 

 

Equation 3.11 
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In the fully illuminated condition, the 

solution reduction outweighs the 

surface reduction. In the case of the 

partially illuminated condition, both 

solution and surface reduction 

simultaneously play a part in the 

synthesis of AgNWs, which is why the 

yield of AgNWs is higher for the 

partially illuminated condition. In the 

case of the dark condition, both 

solution and surface reduction are 

responsible for the reduction of Ag+ ions. However, due to the significantly slow reduction rate, 

stacking fault occurs in the seed growth process, which results in the formation of mostly plate-like 

structures. In the partially illuminated condition, the rate of reduction is controlled in such as a way 

as to provide the balance between the solution and surface reduction favorable for anisotropic 

growth. Moreover, the relatively slow reduction rate controlled by the illumination condition plays 

a critical role to control and manipulate the relative population of three different seeds including 

single crystal, single twin, and multiple twin that can grow into nanobar, nanobeam, and penta-

twinned nanowire, respectively by controlling the atomic addition as well as oxidative etching. The 

surface capping effect of tannic acid and surface activation caused by oxidative etching can also 

play a role in symmetry breaking and anisotropic growth. For instance, it is hypothesized that tannic 

acid may absorb into only two sides on the single-crystal cubic structure and allow 1D growth372. 

It also can be hypothesized that during the reduction process, carboxylic acid groups (COOH) in 

the tannic acid lose their hydrogen atom to become carboxylate ion (COO−), which may attach to 

the silver nanoparticles surface along with the rest of the polymer to stabilize metal nanoparticles 

and act as surfactant by electrostatic stabilization382. However, its preferential absorption on all 

Figure 3.14: Ag+ reduction rate for the three illumination 

conditions. 
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{100} facets of the penta-twined seeds (similar to PVP through Ag-oxygen coordination)449 or two 

{100} facets of single-crystal cubic still remains a matter of debate. 

3.3.3. Effect of different reaction parameters 

3.3.3.1. Effect of the molar ratio of tannic acid to silver nitrate 

Due to the dual role of tannic acid in the reduction of metal ions and the capping/stabilizing 

function of seeds/nanoparticles, its concentration is a crucial factor in controlling the size and 

morphology of silver nanostructures. The parametric analysis was carried out based on the most 

favorable illumination condition for the synthesis of AgNWs, which is the partially illuminated 

condition. To do so, different tannic acid/silver nitrate molar ratios (0.2, 0.6, 1, 1.67, and 5) were 

considered where all the other parameters (room temperature, pH of 4, and 300 rpm stirring rate) 

were kept constant. Figure 3.15 shows the SEM images of silver nanostructures synthesized at 

different tannic acid/silver nitrate molar ratios up to 1. It can be deduced from Figure 3.15 that the 

yield of AgNWs increases by increasing the molar ratio from 0.2 to 1. When the minimal molar 

ratio of 0.2 was used, the silver nanostructures assumed highly varied morphologies (Figure 

3.15.A). The nanostructures also had a wide size distribution. For instance, the diameter of 

nanospheres varied between 20 to 100 nm. Sivaraman et al.399 showed that as the molar ratio of 

tannic acid to AgNO3 decreases, the incorporation efficiency of Ag0 atoms into particles will 

Figure 3.15. SEM images of synthesized silver nanostructures at different tannic acid/silver nitrate molar ratios up 

to 1. A) molar ratio of 0.2, B) molar ratio of 0.6, and C) molar ratio of 1. 
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increase, thus resulting in faster 

nucleation and growth. This is due to 

chelation by the tannic acid molecules. 

When the molar ratio is equal to 1, 

each tannic acid molecule can chelate 

one Ag+ ion on average. As the molar 

ratio decreases down to 0.05, each 

tannic acid molecule will be able to 

chelate 20 Ag+ ions on average, which 

increases the reduction rate. In the case 

of 0.2 molar ratio, the nucleation and 

growth rates are higher compared to the other molar ratios, making the process unfavorable for 

anisotropic growth and production of AgNWs. Also, a low concentration of tannic acid, due to 

the low molar ratio, will inevitably result in a lower rate of tannic acid absorption unto the high-

energy facets (i.e. {100}). At the molar ratio of 0.6, the condition is more favorable for the 

growth of AgNWs (Figure 3.15.B). However, the yield of AgNWs is lower compared to when the 

molar ratio is 1. The yield of AgNWs is highest when the ratio is 1 (Figure 3.15.C). The UV-vis 

spectra of the silver nanostructures is demonstrated in Figure 3.16. For 0.2 molar ratio, a broad 

peak can be observed around 413 nm corresponding to Ag nanoparticles with various 

morphologies. In the case of 0.6 molar ratio, the peak is slightly more blue-shifted and can be 

observed at approximately 395 nm. In order to observe the effect of excess tannic acid, molar 

ratios higher than 1 were considered as well. Figure 3.17 shows how the morphology of silver 

nanostructures and the yield of AgNWs changes by increasing the molar ratio (1.67 and 5). All 

the other factors were kept constant according (room temperature, pH of 4, and 300 rpm stirring 

rate). It can be observed from Figure 3.17 that the yield of AgNWs decreases by increasing the 

molar ratio from 1 to 5. At the molar ratio of 5, there should on average be one Ag+ ion, and as a 

Figure 3.16: UV-vis spectra of the silver nanostructures synthesized at 

different tannic acid/silver nitrate molar ratios (0.2, 0.6, and 1). 
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result one Ag atom, for 5 tannic acid molecules399. As a result, the reduction and nucleation are 

slower compared to when the molar ratio is either 1.67 or 1. At the pH of 4, the rate of reduction, 

and consequently nucleation is already low. As a result, the nucleation and growth rates are 

already slow for the growth of AgNWs, which is why most nanostructures appear with irregular 

morphologies and plate like structures. The silver nanostructures synthesized at the molar ratio of 

5, were relatively large and their size varied between 50 and 150 nm, and only a few nanowires 

can be observed (Figure 3.17.A). The large size and size distribution can be attributed due to the 

low reduction and nucleation rates. At the molar ratio of 1.67, the yield of AgNWs is higher 

compared to when the molar ratio is 5, but lower compared to when the molar ratio is 1 (Figure 

3.17.B). At the molar ratio of 1, the 

concentration of Ag+ ions (5 mM) is 

high enough relative to the 

concentration of tannic acid (5 mM) 

in order to maintain supersaturation 

and initially allow homogeneous 

nucleation throughout the solution. 

Afterward, the concentration of atoms 

falls from the supersaturation 

concentration, and the seeds continue 

Figure 3.17: SEM images of synthesized silver nanostructures at different tannic acid/silver nitrate molar ratios higher 

than 1. A) molar ratio of 5, B) molar ratio of 1.67, C) molar ratio of 1. 

Figure 3.18: UV-vis spectra of the silver nanostructures synthesized 

at different tannic acid/silver nitrate molar ratios (1, 1.67, and 5). 
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to grow into 1D structures. Figure 3.18 shows the UV-vis spectra of corresponding molar ratios 

of 1, 1.67, and 5. As it can be seen for the molar ratio of 5, a broad peak at approximately 408 nm 

is observed, which corresponds to nanoparticles with irregular morphologies and varied sizes. At 

the molar ratio of 1.67, the peak is more blue-shifted compared to the previous condition, which 

can be observed at roughly 400 nm. The results suggest that the tannic acid/silver nitrate molar 

ratio of 1 is the most optimal condition for the synthesis of AgNWs.  

3.3.3.2. Effect of pH 

In general, pH is one of the most important factors in controlling the size and morphology of 

metal nanostructures during the synthesis process. A change in pH affects the redox activity of 

the reducing agent with respect to metal ions. For instance, basic pH can result in the 

deprotonation of phenolic groups of plant extracts340. The reduction strength (oxidation potential 

of the reducing agent) can directly be controlled by pH. The lower the pH, the lower the reduction 

rate, and the higher the pH, the higher the reduction rate (based on the pH range in our study). 

Tannic acid decomposes into gallic acid and glucose at a mildly acidic/basic condition, where 

gallic acid favors the reduction process, and glucose favors the capping/stabilization of 

nanostructures. Typically, alkaline condition is more favorable for the synthesis of small and 

monodisperse nanoparticles while acidic pH is more favorable for the synthesis of anisotropic 

structures such as nanowires. We have investigated the effect of pH at acidic conditions, at values 

of 4, 5, and 6, where the pH was adjusted before the reaction by the dropwise addition of 0.1 M 

NaOH solution, while other parameters (AgNO3 concentration of 5 mM, tannic acid 

concentration of 5 mM, room temperature, and 300 rpm stirring rate) were kept constant. Figure 

3.19 shows the SEM images of silver nanostructures synthesized at pH of 4, 5, and 6. At the pH 

of 4, the rate of reduction is adequately low, which is favorable for 1D growth. At the beginning 

of the reaction, the rate of reduction should be high enough to trigger supersaturation and allow 

homogeneous nucleation followed by a controlled growth process via atomic addition. The pH of 
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4 was found to be the most favorable pH for the synthesis of AgNWs with moderate yield, as 

demonstrated in Figure 3.19.A. When the pH is increased to 5 and then 6, the oxidation potential 

increases, which leads to the deprotonation of hydroxyls on the galloyl group. As a result, the 

reduction rate increases and aggressively results in the consumption of Ag+ via the solution 

reduction process. This leads to higher supersaturation levels and a higher deposition rate of Ag0 

atoms, which facilitates the formation of symmetric structures due to the spatial arrangement of 

atoms, similar to what occurs in the fully illuminated condition. This is unfavorable for the 

asymmetric growth of the Ag nanostructures such as those that lead to the formation of AgNWs. 

Therefore, as the pH increases, the yield of AgNWs decreases. For instance, in Figure 3.19.B, the 

majority of nanostructures are silver nanotriangles, nanospheres, and other nanostructures with 

irregular morphologies. When the pH is increased to 6 (Figure 3.19.C), almost all of the 

synthesized nanostructures were non-1D structures with irregular morphologies. However, the 

size of the synthesized nanostructures was lower compared to the previous conditions (pH=4, 5). 

The UV-vis spectra of the Ag nanostructures synthesized at different pH values is shown in 

Figure 3.20. The peak is red-shifted as the pH increases. This is due to the presence of Ag 

nanoparticles other than AgNWs.  

Figure 3.19: SEM images of synthesized silver nanostructures at different initial pH. A) pH=4, B) pH=5, and C) 

pH=6. 
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Lower pH values (lower than 4) result 

in a further decrease in the reduction 

rate, which may not be favorable for 

the synthesis of AgNWs. The reduction 

rate, in general, is highly sensitive to 

pH variations; for instance, just one 

degree of difference in the pH value 

can significantly affect the reduction 

rate and therefore lead to the formation 

of nanostructures with highly different 

morphologies, which is why the yield of AgNWs at the pH of 4 is significantly lower compared to 

when the pH is either 5 or 6. We previously showed that the rate of reduction is already low enough 

at the pH of 4 (at the partially-illuminated condition), and is closer to the rate for the dark condition 

than to the fully illuminated condition. Therefore, we hypothesize that a further decrease in the pH 

(i.e. from 4 to 3), at the partially illuminated condition may actually lead to a substantial drop in 

the reduction rate, thus mimicking the situation that occurred in the dark condition that is the 

formation of structures with stacking faults (not based on the minimization of surface energy), 

which lead to plate-like nanostructures. 

3.3.3.3. Effect of stirring rate 

Mixing is another factor that may affect the morphology of silver nanostructures and yield of 

AgNWs, which is controlled by the stirring rate in the flask. In this study, the stirring rate was 

controlled by a magnetic stirring bar placed in the solution. Figure 3.21 shows the SEM images of 

silver nanostructures at different stirring rates. All the other conditions (AgNO3 concentration of 5 

mM, tannic acid concentration of 5 mM, pH of 4, and room temperature) were kept constant. Mass 

and heat transfer are directly affected by mixing in the system. However, since these experiments 

Figure 3.20: UV-vis spectra of the silver nanostructures 

synthesized at different pH of 4, 5, and 6. 
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were carried out at room temperature, the effect of mixing on heat transfer may be considered 

negligible. In the absence of mechanical mixing, the process of nucleation and growth is merely 

diffusion limited. This becomes challenging when the reaction volume is large, which is the case 

for typical batch reactions. In such a scenario, collision of molecules is weaker and the diffusion of 

the Ag0 atoms into the initially formed seeds is slow. In the case of strong mechanical mixing, 

turbulence will increase in the system, and increases the random collision of particles. This relation 

can be described by the Reynolds (𝑅𝑒) number written with respect to the stirring bar diameter, 

viscosity, and density of the synthesis solution as shown in Equation 3.1269. 

 

𝑅𝑒 =
𝐷2𝑁𝜌

𝜇
 

 

 

Equation 3.1269 

Where D is the diameter of the stirring bar, N the revolutions per minute, 𝜌 the density, and 𝜇 the 

viscosity of the synthesis solution. Assuming the viscosity and density of the solution to be close 

to that of water, the 𝑅𝑒 value is calculated to be 0, 20,073 and 40,146 for 0, 300, and 600 RPM 

stirring rates, respectively. A higher stirring rate results in a higher 𝑅𝑒 number, which results in a 

stronger convective mass transport. As can be seen in Figure 3.21, there is not a significant 

difference between the yield of AgNWs for all three conditions. However, the UV-vis spectra 

shows a slightly more red-shifted peak for no stirring and at 600 RPM, compared to 300 RPM 

Figure 3.21: SEM images of synthesized silver nanostructures at different stirring rates. A) No stirring, B) 300 RPM, 

and C) 600 RPM. 
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(Figure 3.22). This could be due to the 

presence of Ag nanoparticles (other 

than AgNWs) along with AgNWs. The 

yield of AgNWs in the case of 300 RPM 

may be slightly higher compared to the 

two other conditions. As a result, both 

convective and diffusional mass 

transfer need to interfere in the process 

for the synthesis of AgNWs. In this 

case, 300 RPM may be moderately high 

enough to ensure both convective and diffusion controlled mass transport compared to the other 

two conditions. Moderate mixing will provide a better control on the manipulation of rate of 

deposition to the rate of diffusion that is crucial for 1D growth.  

3.4. Conclusion 

This study provided the sustainable development of 1D silver nanostructures through the 

application of natural products while investigating the underlying effects of kinetic and 

thermodynamic factors in their sustainable synthesis process. In summary, we have discussed the 

photosensitivity of the silver nanostructure synthesis in a green and room temperature manner using 

tannic acid as both the reducing and capping/stabilizing agents. We discussed how photoreduction 

can be used to control the reduction rate of Ag+ ions in the presence of tannic acid, and as a result 

the morphology of silver nanostructures for the first time to the best of our knowledge. Three 

different illumination conditions including fully illuminated, partially illuminated, and dark were 

considered. The results showed that illumination was necessary for the synthesis of AgNWs, with 

the partially illuminated condition being the most favorable one. Illumination highly affects the 

reduction of Ag+ by tannic acid. A high exposure to light results in a strong ultraviolet absorption 

Figure 3.22: UV-vis spectra of silver nanostructures synthesized at 

different stirring rates. 
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by tannic acid, which significantly strengthens the reduction of Ag+ ions. This is unfavorable for 

the anisotropic growth of nanostructures, which is necessary for the formation of AgNWs. With no 

exposure, the reduction rate is significantly low, which results in the formation of nanostructures 

with plate-like structures. With partial exposure, the reduction rate is adequately low to allow the 

control between solution and surface reduction as well as the manipulation of relative population 

of different types of seeds in the presence of surface passivation and surface activation caused by 

the capping effect of tannic acid and oxidative etching, respectively, while the rate of atomic 

addition is well manipulated by controlling the reduction rate. We also used three distinct models 

to describe Ag+ concentration reduction during the reaction timespan for each illumination 

condition. The pseudo-first order kinetic model was only a fair fit for the fully illuminated condition 

(R-squared of 0.923), and was not accurate for the other two conditions. The Finke-Watzky model 

was a good fit for the dark and partially illuminated conditions (R-squared of 0.9672 and 0.9916, 

respectively), but did not offer a better fit for the fully illuminated condition compared to the 

pseudo-first order model. The proposed empirical model was a good fit for the fully illuminated 

condition (R-squared of 0.9931), and was validated with the other two silver nitrate concentrations. 

Other than illumination, the effect of other reaction parameters, including tannic acid to silver 

nitrate molar ratio, pH, and stirring rate were investigated. The results showed that the 

concentration ratio (tannic acid to silver nitrate) of 1 was necessary for the synthesis of AgNWs. A 

lower ratio results in a higher reduction rate that leads to the production of Ag nanoparticles. A 

higher ratio results in a lower reduction rate that leads to Ag nanostructures with large size 

distribution. We also showed that higher pH (higher than 4) was unfavorable for the formation of 

AgNWs due to an increase in the reduction rate. Furthermore, the effect of stirring rate was not as 

significant as other factors; however, a moderate rate of 300 RPM was found to be the best 

condition for the synthesis of AgNWs. In conclusion, we showed that AgNWs with moderate yield 

(50%) can be synthesized using tannic acid as both the reducing and capping/stabilizing agents, 

and that its yield is affected by exposure of the reaction to the light, which controls the rate of 
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reduction and subsequently the relative population of seeds as well as the rate of atomic addition 

to those seed, which all dictate the morphology of the synthesized silver nanostructures. The 

photosensitivity of the tannic acid-mediated synthesis of Ag nanoparticles may open a new window 

for the light-assisted synthesis of different nanostructures by merely changing the illumination 

intensity and/or wavelength. The fundamental knowledge gained from this study regarding the 

effect of illumination in controlling the kinetic and thermodynamic factors in metal nanostructure 

synthesis is critical and has not been reported before. This fundamental understanding of the kinetic 

behavior can be used to precisely control the reduction rate. The reduction rate then will be utilized 

as a quantitative measure to control the type and relative population of the initially formed seeds, 

and consequently the size and morphology of different metal nanostructures such as silver, gold, 

and palladium. This underlying discernment can provide a foundation to advance the 

multidisciplinary and interdisciplinary fields of green synthesis, green nanotechnology, and broadly 

green nanomanufacturing. 

For future studies, further investigation on AgNWs synthesis using tannic acid needs to be 

conducted by performing the kinetic study at different reaction conditions. The final goal should 

be relating the reduction rate to the relative concentration or population of the three type of seeds 

including single crystal, single twin, and multiple twin. An important aspect in understanding how 

the reaction mechanisms determine the size and morphology of nanostructures is the quantitative 

information that can be extracted using instruments with in-situ analysis capabilities. For instance, 

acquiring in-situ UV-vis spectra during the course of a reaction allows one to relate certain 

absorbance peak wavelengths to nanostructures with certain morphologies for different reaction 

time lapses. Furthermore, in-situ FTIR spectroscopy enables one to identify functional groups that 

take part in the chelation and reduction of silver ions, complexation, and stabilization of 

nanostructures during the course of a reaction. Combining these two techniques can help obtain a 

detailed underlying mechanism, which is essential to control the size and morphology of the 
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synthesized Ag nanostructures. Furthermore, the in-situ FTIR characterization can make it possible 

to select different green reducing agents that result in similar reaction chemistry and 

kinetic/thermodynamic behavior for the synthesis of 1D Ag or other metal nanostructures. 

Considering that, especially in the area of green synthesis of metallic nanostructures, a large 

number of green and natural reagents may be used at room temperature to synthesize metal 

nanostructures with desired size and morphology (e.g. 1D nanostructures) without needing to use 

any additional capping agents or chemical/hazardous reducing agents. 
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CHAPTER IV 
 

 

CONTINUOUS, GREEN, AND ROOM-TEMPERATURE SYNTHESISOF SILVER 

NANOWIRES IN A HELICALLY-COILED MILLIFLUIDIC REACTOR 

 

4.1. Introduction 

There has been a success in the synthesis of noble metal nanostructures with uniform size and 

morphology during the past decade. Due to their enhanced characteristics at the nanoscale such as 

electrical and thermal conductivity, optical and catalytic activities, and antibacterial properties, 

these nanostructures have opened up a wide window of applications in renewable energy36,40, 

wastewater treatment42,450, nanomedicine324,451, imaging452,453, food packaging454,455, sensors and 

biosensors456,457, microelectronics31,458, and wearable electronics459–461, to name a few. Despite 

these advancements reported in the literature, transition of the production processes from an 

academic setting to an industrial scale remains a major challenge462. This challenge is mainly due 

to the lack of ability to produce nanostructures in large quantities while maintaining the desired 

characteristics (i.e. uniformity and desired size and morphology). To produce nanostructures in 

batch conditions and in large scale, the volume of the reactor and the amount of reagents used 

should be increased to meet mass production levels. 
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Nevertheless, increasing the volume of the reactor imposes additional challenges on controlling 

the size, morphology, and uniformity, and can often lead to nanostructures with large size 

distribution and non-uniform structures. This is because achieving homogeneous mixing and 

uniform heat and mass transfer becomes more difficult as the reaction volume increases, which 

greatly affects both nucleation and growth of nanostructures. 

It is possible to enhance mass and heat transfer and thereby tune the nanostructures’ properties in 

a desired manner by miniaturizing the reaction environment, which is why continuous flow 

reactors such as micro- and millifluidic systems have been recently gaining more attention for the 

synthesis of nanostructures with uniform size and morphology463,464. Heat transfer is related to the 

volume of the reaction environment and it is enhanced as the diameter of channel/tube is 

decreased. However, mass transfer is rather more complicated and is related to mixing in the 

reactor. In microfluidic flow systems, the flow is laminar and mixing is mostly affected by the 

diffusion of the compounds in the fluid465. In such cases, mixing occurs at the molecular level, 

which is also referred to as “micromixing”466. In the case of single-phase flow systems, mixing 

occurs via molecular diffusion between the two miscible streams at very low Reynold’s numbers 

(Re<1)465,467. In such a scenario, the characteristic time for the diffusion of component A in B in 

the case of a binary system can be described as shown in equation 4.1465. 

𝑡 =
𝑥2

𝐷𝐴𝐵
 

 
Equation 4.1 

 

Where 𝑥 is the diffusional path length, and 𝐷𝐴𝐵 is the molecular diffusivity of component A in 

component B. To achieve uniform concentration throughout the flow path, the value of residence 

time should be higher than 𝑡, which is true for micro- and millifluidic systems. This timescale can 

be as small as 30 s in a typical microfluidic channel with a diameter of 500 μm. Although this 

time may be long for fast reactions, it can be reduced by decreasing the channel diameter, thus 

resulting in faster mixing465. Application of microchannels is reported in several studies to be 
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more favorable for the synthesis of monodisperse nanoparticles compared to the batch 

synthesis468–470. However, flow systems with slightly larger dimensions such as millilfuidic 

channels/tubings are less prone to extreme pressures and clogging471,472, require much cheaper 

and simpler fabrication techniques473, and have a strong potential for large-scale applications474. 

In addition, due to their better flexibility, millifluidic channels/tubings can be curved easily in 

different configurations, which can create different mixing patterns in the system475. Furthermore, 

millifluidic systems are able to process larger quantities of materials and in a more rapid fashion 

compared to microfluidic systems.  

Among various noble metal nanostructures, the synthesis of silver nanostructures in millifluidic 

flow systems has been gaining more attraction during the past decade thanks to their wide 

applications, particularly in electronics. Among silver nanostructures with different 

morphologies, one-dimensional (1D) ones, such as silver nanowires (AgNWs), are promising 

choices for electronics. One of the major applications of AgNWs is in the development of 

transparent conductive materials used for manufacturing conductive inks, novel electronics, and 

smart devices362,476. Indium tin oxide (ITO) has been used as the most common material in 

transparent conductive electrodes, due to its high optical transmittance, being more than 90%, as 

well as its low sheet resistance being less than 10 Ω/square477. However, ITO is brittle and 

therefore cannot be used in flexible electrodes477. In addition, the production of ITO is highly 

energy-consuming and its deposition procedure needs high temperature and vacuum, which can 

damage some substrates478. Alternatively, metal nanostructures (especially nanowires) such as 

gold and silver nanowires are suitable candidates due to low-cost solution processing and better 

mechanical flexibility characteristics357,477. Such characteristics enable the large-scale production 

of nanowire-based electrodes with high throughput357. AgNWs, are one of the most suitable 

choices due to their high conductivity, decent transmittance, and their capability to maintain 

conductivity while enduring a bending/folding strain479,480. In addition, AgNWs can form 
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networks, which facilitates the current flow and thus provides lower sheet resistance. They also 

can be used at lower concentrations compared to other nanostructures, which facilitates 

transmittance94,480. Such characteristics are highly dependent on the average diameter and length 

of the nanowires. In general, at similar concentrations, the higher the AgNWs length (having 

similar diameter), the lower the sheet resistance, and the lower the AgNWs diameter (having 

similar length), the higher the transparency361,481. Moreover, the synthesis condition of AgNWs is 

vital in determining the final property of the AgNW-coated conductive films. The synthesis of 

AgNWs via hard templates and physical methods is expensive and inefficient for large-scale 

applications94. For this reason, the synthesis of AgNWs is followed by the polyol process, which 

was first introduced by Xia’s group in 2002368. There have been further modifications to this 

process up to this point69,371,482; however, the synthesis process, in general, is followed by mixing 

the silver precursor and ethylene glycol at temperatures around 150 °C with the assistance of a 

polymer stabilizer such as Polyvinylpyrrolidone (PVP)94. This process is currently the most 

widely-used method for the production of AgNWs in both lab and industrial scale. The synthesis 

of AgNWs in millifluidic reactors can be promising for large-scale operations. Gottesman et al.483 

synthesized AgNWs using the conventional polyol process in a millifluidic reactor. The reaction 

was performed at 198 °C and at different residence times (3, 15, 30, and 60 minutes). They 

showed that 30 minutes was the optimal residence time for the synthesis of AgNWs with 

maximum yield (percentage of AgNWs among nanostructures with different morphologies). The 

yield was shown to be higher than 90 %. Zhang et al.484 synthesized silver nanocrystals in a 

droplet-flow reactor using silicone oil as the secondary phase. In that process, silver 

nanostructures were produced by a seed-mediated process using ascorbic acid and trisodium 

citrate as the reducing and capping agents, respectively, and the reaction was carried out at room 

temperature. Later, Hemmati et al.471 synthesized AgNWs using the modified polyol process 

(using CuCl2 as the salt mediator) at a lower temperature (130 °C) compared to the batch polyol 

process. Kinhal et al.472 obtained different morphologies of silver nanostructures (spherical, rod-
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shaped, and wire-shaped) using different configurations and tube designs (batch, straight 

millifluidic, and spiral millifluidic) at low cetyl trimethylammonium bromide (CTAB) 

concentration (1 mM), which was used as the capping agent while using ascorbic acid as the 

reducing agent. 

The polyol process, which is used in most AgNW synthesis processes, is associated with 

relatively high-energy consumption due to relatively high temperatures. Although previous 

studies have used the polyol process in millifluidic systems for the synthesis of AgNWs, a green, 

sustainable, and inexpensive procedure for the continuous synthesis of AgNWs remains to be 

investigated. A green and sustainable synthesis process enables the use of environmentally-

friendly reducing and capping agents, while also reducing energy consumption. Among 

environmentally-friendly reagents, polyphenols and sugar-based products have been shown to be 

effective compounds due to their capability to act as reducing and capping agents at the same 

time and minimal waste production203,485. In this work, we report the synthesis of AgNWs in a 

reusable droplet-based millifluidic reactor (milli-sized tubing bent to form a coil-like shape 

around a pipe), using tannic acid as both the reducing and capping agents at room temperature, 

and in 96 minutes residence time. To the best of our knowledge, this is the first study on room-

temperature and high-yield synthesis of AgNWs in a continuous millifluidic process. We have 

also demonstrated the effect of silicone oil, surfactant, mixing configuration, and UV-visible 

(UV-vis) light on the yield of AgNWs. Furthermore, we discussed the effect of coil diameter on 

the reaction and on the yield of silver nanowires, and described how the mixing in the flow can be 

affected by changing the coil diameter. Combined with the advantages of the millifluidic system, 

we have demonstrated that tannic acid can be used for the synthesis of AgNWs in a green and 

continuous manner, and this process can be a viable sustainable technique for the large-scale 

production of AgNWs. 
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4.2. Experimental methodology 

4.2.1. Materials and methods 

Tannic acid (MW: 1701.2 g/mol, product number: 403040), silver nitrate (AgNO3, MW: 169.87 

g/mol, product number: S0139), Triton X-100 (product number: X-100), silicone oil (10 cSt, 

product number: 378321), sodium acetate (MW:82.03 g/mol, product number: S2889), 1,10 

Phenanothroline (PHEN, MW: 180.21 g/mol, product number: P13002), and 2,4,5,7-

Tetrabromofluorescein (TBF) (MW: 647.89 g/mol, product number: E4009) were all purchased 

from Sigma Aldrich. Deionized water (DIW, ASTM type II) was used as the solvent to prepare 

aqueous AgNO3, tannic acid, and triton X-100 solutions. A polytetrafluoroethylene (PTFE) tube 

(1/16 inch inner diameter, 1/8 inch outer diameter, Fluorstore), and a polyvinylchloride (PVC) 

tube were used to prepare the millifluidic reactor. Three-way (tee) and cross junctions (Mc-

MasterCarr and Eldonjames) were used to combine streams into the reactor. The tee and cross 

junctions were made of polypropylene plastic and Polyvinylidene fluoride (PVDF), respectively. 

An electric syringe pump (CHEMYX, Fusion 200-X) was used to inject the solutions into the 

millifluidic reactor.  

4.2.2. Reactor design 

To prepare the millifluidic reactor, the PTFE 

tube was tightly wrapped around the PVC 

pipe to form a coil-shaped design (figure 4.1), 

in which case the coil diameter can be 

considered as the pipe’s outer diameter. The 

tube was adhered to the pipe to maintain its 

position. For a typical experiment, the length 

Figure 4.1: The helically-coiled millifluidic reactor design. 

Created with BioRender.com. 

http://www.biorender.com/
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of the reactor was 50 feet and the inner diameter of the tube was 1/16 inches. For comparison, 

PVC pipes with different outer diameters were used (1.33, 2.37, and 5 inches).  

4.2.3. Synthesis of AgNWs in the millifluidic reactor 

To prepare the initial samples, 20 mL of silver nitrate (5 mM), and 20 mL of tannic acid (5 mM) 

were prepared by dissolving the powders in DIW. Additionally, an aqueous solution of triton X-

100 was prepared (10% v/v) by adding 18 mL of DIW to 2 mL of the original triton X-100. The 

solutions, along with silicone oil, were each then loaded into 20 mL syringes and placed on the 

syringe pump, which pumped the solutions into the reactor at a given flow rate. Mixing was 

carried out in three different configurations. In configuration A, silver nitrate, tannic acid, and 

silicone oil streams met at the first junction (cross junction), and then mixed with the surfactant, 

triton X-100, at the second junction (tee junction). The cumulative flow was then pushed into the 

reactor (figure 4.2). Silicone oil is mainly used to prevent fouling inside the tube and triton X-100 

is used to prevent the migration of nanostructures to the water-oil interface, which occurs due to 

the tendency for surface energy minimization. In configuration B, tannic acid and triton X-100 

were mixed prior to syringe loading. The mixture stream met the silicone oil and silver nitrate 

streams at the cross junction and then entered the reactor (figure 4.3). Configuration C was 

similar to configuration B, but triton X-100 was rather mixed with silver nitrate prior to syringe 

loading to yield concentrations of 10 % (v/v) and 5 mM, respectively (figure 4.4). At the end of 

the reactor, the nanostructure suspensions were then collected in a falcon tube, which was placed 

in an ice bath to quench the reaction solution. At typical conditions, all reactions were carried out 

in the dark, this was done by covering all of the reactor with aluminum foil. Furthermore, the 

flowrates were adjusted so that the residence time inside the reactor was 96 minutes for all 

conditions. The flowrate values for each configuration are provided in the figures. In all 

conditions, the PVC tube (coil) diameter was 2.37 inches. After the reaction was completed, the 

silicone oil was removed from the falcon tube and the sample was centrifuged six times at 3,000 
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rpm for 30 minutes, supernatant was removed, and obtained nanostructures were suspended in 

deionized water.  

 

Figure 4.2: Configuration A of the millifluidic reactor: separate addition of the triton X-100 stream. Created 

with BioRender.com. 

Figure 4.3: Configuration B of the millifluidic reactor: introduction of triton X-100 along with tannic acid. 

Created with BioRender.com. 

http://www.biorender.com/
http://www.biorender.com/
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4.2.4. Ag+ concentration measurements 

The concentration of Ag+ ions was measured similar to the approach in our previous study485. In 

this approach, which was inspired by a spectrophotometric method407, TBF (1.5 ×10-3 M) and 

PHEN (4.5 ×10-3 M) are mixed with the Ag+ containing solution from the reaction sample to 

make [PHEN. Ag-PHEN]2+TBF2- complexes that are detectable by UV-visible (UV-vis) 

spectroscopy where an absorbance peak at 550 nm can be observed. Prior to mixing with Ag+, the 

pH of the PHEN-TBF solution (2 mL) was adjusted at 5.2 by adding 18 mL of the acetate buffer 

(mixture of sodium acetate (169 mM) and acetic acid (0.3 % v/v)). To measure the Ag+ 

concentration at different time intervals, aliquots were taken from the reaction sample at different 

residence times (0, 16, 32, 48, 64, 80, and 96 minutes). For residence times shorter than 96 

minutes, the reactor tubing was dissected and shortened to have the length corresponding to each 

residence time.  

 

Figure 4.4: Configuration C of the millifluidic reactor: introduction of triton X-100 along with silver nitrate. 

Created with BioRender.com. 

http://www.biorender.com/
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4.2.5. Characterization 

4.2.5.1. Scanning electron microscopy (SEM)  

The SEM images were collected by the FEI Quanta 600 Field-Emission Gun Environmental 

Scanning Electron Microscope at the Oklahoma State University’s microscopy laboratory. For 

sample preparation, 100 μL of the nanostructure suspension was added to smooth carbon tabs 

which were placed on aluminum pins. The samples were maintained at room temperature for 24 

hours to be dried. The samples were then placed in the SEM sample holder for characterization.  

4.2.5.2. Transmission electron microscopy (TEM) 

The TEM images were collected by the JEOL JEM-2100 Transmission Electron Microscope 

System (200 kV accelerating voltage) at the Oklahoma State University’s microscopy laboratory. 

For sample preparation, 10 μL of the nanostructured suspension was added to carbon grids. After 

solvent removal, the grids were then moved to the TEM sample holder for characterization.  

4.2.5.3. Energy dispersive X-ray spectroscopy (EDX) 

EDS spectroscopy was performed by a built-in Evex Nanoanalysis EDX system in the TEM 

instrument.  

4.2.5.4. Ultraviolet-visible spectroscopy (UV-vis) 

The UV-vis spectroscopy was performed out by the Metler Toledo UV5 spectrophotometer. After 

adding the reaction solution into 3 mL cuvettes, the measurements were taken for wavelengths 

ranging from 190 to 1,100 nm. 

4.2.5.5. Light measurements  

The Dr. Meter 1330B-V light meter was used to measure light intensity (measured in LUX). 
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4.3. Results and discussion 

4.3.1. Air and silicone oil effects 

The use of segmented flow systems, in which a secondary phase is used as the carrier phase, can 

contribute to rapid mixing by creating small and separate droplets, which enhances product 

quality and reproducibility486,487. In such systems, the reaction is limited to single droplets, which 

allows for a uniform residence time and prevents the flow to be clogged by the accumulation of 

particles486. Depending on the type of the secondary phase, tubing material, and type of solvent, 

the flow can typically be obtained in three modes including droplet mode, plug mode, and slug 

mode (figure A.1)486. In the droplet mode, the droplets, in which the reaction is carried out, are 

totally separated from the walls by the carrier phase. In the plug mode, both the carrier and 

reaction phases are directly in contact with the walls. In the slug mode, the carrier phase is 

separated from the walls while the reaction phase is constantly in touch with the walls. If the 

reaction phase is an aqueous phase, the carrier phase shall contain fluid that is immiscible with 

water, such as oil or air. Choosing air can be beneficial to the process cost since the cost for any 

type of oil can be avoided. However, using air may result in fouling in the reactors and coating of 

the tubing inner walls depending on the tubing material and the reducing/capping agent used. 

Friedman et al.488 demonstrated that different types of materials (composed of rubber, PVC, 

Teflon, and polyethylene plastic) can be coated in the case of silver nanoparticle synthesis. They 

used ethylene glycol as the reducing agent and silver nitrate as the metal precursor, in the 

presence of ammonia. They showed that all materials can be coated by silver nanoparticles 

regardless of the tubing material. However, Teflon was the least susceptible to coating compared 

to the three other materials used, suggesting the promising potential of Teflon (also known at 

PTFE) for the synthesis of metallic nanoparticles in fluidic reactors. It is important to mention 

that they did not use a segmented flow system, and carried out the process in the presence of 

ultrasonication. Nevertheless, if either air or oil is used as the carrier phase for a segmented flow, 
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coating may be minimized. To test this hypothesis, we carried out the synthesis of silver 

nanostructures using tannic acid in the presence of air and silicone oil as the carrier phase. In the 

first experiment, the process was carried out similar to configuration A; however, air was used 

instead of silicone oil and triton X-100 was not present. After the completion of the synthesis 

process, inside the tubing was washed multiple times with acetone and water, and then dried with 

air. The results show that despite being resistant to coating, the PTFE tubing can significantly be 

coated by silver nanostructures, especially at the beginning of the tubing, just after the junction. 

To confirm the presence of silver nanostructures on the inner tubing wall, a small section of the 

PTFE tubing, just after the cross junction, was dissected along its long axis, and characterized by 

SEM and EDX. Figure A.2 shows the SEM image of the dissected piece of PTFE tubing. Figure 

4.5 shows the EDX spectra collected from the same sample, in which the presence of the silver 

element can be confirmed. Furthermore, figure A.3 shows a map of different elements present at 

the surface of the tubing, where the significant presence of silver can be confirmed. It is important 

to note that although the tubing was even washed and dried rigorously before the analysis, silver 

particles were not removed from tubing wall, by which we can conclude that the tubing was 

coated with silver particles. Similarly, the process was repeated using silicone oil (10 cSt 

viscosity) instead of air. The results show a significant difference. The SEM image of the 

Figure 4.5: The EDX spectra collected from the tube surface (figure A.2) in which air was used as the 

secondary phase. 
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dissected PTFE tube is provided in figure A.4. In this case, the PTFE tubing was almost fully 

resistant to coating as the absence of the silver element can be confirmed by EDX analysis 

(figures 4.6 and A.5) obtained by analyzing the same sample provided in figure A.4. Therefore, 

the presence of silicone oil was necessary to prevent coating in the millifluidic reactor.  

When air is used as the carrier phase, the flow obtains either the plug or slug mode, as shown in 

figure A.1. In this case, the reaction phase is in direct contact with the tubing walls. The coating 

mainly occurs due to nanoparticles’ tendency to minimize surface energy and achieve stability489, 

which may be prevented using various stabilizers. However, some compounds that act as either 

reducing, capping, or stabilizing agents, may actually enhance the deposition of nanoparticles 

unto solid surfaces. For instance, polyphenols and their derivatives can adsorb onto a wide variety 

of solid substrates, regardless of their concentration490–493. It was also previously shown that a 

combination of polydopamine and tannic acid was used to coat steel and nylon substrates to 

prevent fouling by marine species491. It was also reported that polyphenols can cause strong 

fouling in filtration systems492,493. In our synthesis process, tannic acid—a polyphenol—is used as 

both the reducing and capping agents, which can adsorb onto the PTFE tubing inner walls. When 

silver nanostructures are synthesized by tannic acid at the vicinity of the wall, they form an 

assembly there, which grows over time. This is harmful to the process for several reasons. First, 

Figure 4.6: The EDX spectra collected from the same sample in figure A.4 in which silicone oil was used as 

the secondary phase. 
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nanoparticle deposition can result in channel clogging, which can lead to leakage. Second, the 

formed deposition layer at the walls weakens heat transfer in the system specifically if reactions 

are running at high temperature. Third, it affects the quality of the product as nanoparticle growth 

is more favorable at the tubing surface rather than inside the flow stream.  

When silicone oil is used as the carrier phase, the flow tends to obtain a droplet mode where the 

reaction phase contact with the wall is minimized. In our setup, silicone oil’s flow rate is higher 

than that of silver nitrate and tannic acid. This was done purposefully so that silicone oil reaches 

the reactor faster than silver nitrate and tannic acid, and wets the PTFE tubing inner wall before 

silver nitrate and tannic acid mixture enter the tubing. Afterward, the contact between silicone oil 

and PTFE is maintained throughout the process as both possess hydrophobic characteristics494. 

This phenomenon continuously keeps aqueous droplets away from the tubing wall and 

nanoparticle deposition is avoided. The results suggest that using silicone oil in continuous fluidic 

reactors is necessary in the case of silver nanostructure synthesis using tannic acid or any other 

compound (reducing/capping agent) that can adsorb onto PTFE surfaces. In addition to 

nanoparticle coating prevention, the droplet flow can help to enhance mixing in the reaction 

solution within each droplet, thereby increasing quality of the nanostructures (i.e. minimizing size 

distribution). Despite all the advantages, silicone oil itself can disrupt the formation of 

nanostructures in a homogeneous manner. This is discussed in detail in the following section. 

4.3.2. Surfactant effect  

When oil is used as the carrier phase, the synthesized silver nanostructures adsorb into the water-

oil interface, which occurs due to their tendency to minimize surface energy484,495. This 

phenomenon leads to the formation of nanostructure assembly at the water-oil interface rather 

than in the droplets. This assembly becomes more stable as the size of the nanostructures 

increases495, which in the case of a droplet-based fluidic reactor would mean that as 
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nanostructures grow, they will have a higher tendency to adsorb at the water-oil interface. This 

can be a disruptive process because mixing will become limited in the droplets and growth will be 

more favorable for the nanostructure assembly at the interface rather than nanostructures within 

the droplet. This can adversely affect nanostructures’ uniformity in terms of size and morphology. 

Additionally, it is very challenging to separate synthesized nanostructures from the interface. To 

store the nanostructure suspension and use it for various applications, oil must be removed from 

the mixture, in which case the nanostructures might be removed along with oil during the 

separation process. One way to address this issue is to use a surfactant that can passivate the 

water-oil interface and prevent the migration of synthesized nanostructures to the interface. The 

use of common surfactants such as Cetyl Trimethyl Ammonium Bromide (CTAB) may not be 

favorable to prevent the interfacial adsorption of nanostructures as the nanostructures obtain an 

amphiphilic surface in the presence of CTAB molecules, which results in their migration to the 

water-oil interface484. Triton X-100, as a non-ionic surfactant, can passivate the water-oil 

interface and it does not interact with silver nanostructures. Figure A.6 shows the nanostructure 

suspension sample in the presence of silicone oil and in the absence of triton X-100. The setup 

had a configuration similar to A, but without the triton X-100 stream. As expected, the 

nanostructures formed an assembly at the water-silicone oil interface. On the other hand, the 

presence of triton X-100 is a significant game-changer in this process. Figure A.7 shows the 

nanostructure suspension sample in the presence of both silicone oil and triton X-100. In this 

case, the setup configuration was completely similar to configuration A. As expected, the 

nanostructures were separated and kept away from the water-oil interface. In this case, the 

formation of silver nanowires with a high yield and uniformity—the desired outcome—was more 

favorable, which is discussed in next section. In addition, the silicone oil can be removed and 

refluxed for reuse, in order to decrease the cost associated with silicone oil supply. A schematic 

of the synthesis process in the absence and presence of triton X-100 is shown in figure A.8, which 

demonstrates the journey of a droplet in the millifluidic reactor. When triton X-100 is present, 
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their molecules rearrange to have the hydrophilic end facing the aqueous solution in the droplet 

and the hydrophobic head being attached to the oil phase at the water-oil interface, thus 

preventing the migration of silver nanostructures to the interface. Furthermore, a similar study 

showed the advantages of triton X-100 as a surfactant in the presence of silicone oil, where it was 

shown that the use of triton X-100 does not affect the capping effect of PVP  in the case of silver 

nanocube synthesis484.  

4.3.3. SEM/TEM results 

4.3.3.1. Silver nanostructures synthesized in the presence of air and silicone oil as the carrier 

phase 

When air is used as the carrier phase, the growth of 

silver nanostructures is affected in addition to the 

clogging issue and tube coating. Figure 4.7 shows 

the SEM image of the silver nanostructures 

synthesized in the presence of air as the carrier 

phase. The formation of large agglomerated 

particles with a wide size distribution and varied 

morphologies can be confirmed, which is 

undesirable. A probable reason is that when the 

tube is coated with nanostructures, homogeneous mixing is severely affected and the reduced 

atoms are adsorbed to the nanostructure assembly at the tube surface instead of assembling within 

the droplets. In the case of silicone oil and absence of triton X-100, the formation of 

nanostructure assembly at the water-oil interface affects the growth of silver nanostructures. The 

SEM image of the nanostructures is provided in figure 4.8, where the presence of large 

agglomerated particles can be confirmed. Similar to the air case, homogeneous mixing can be 

Figure 4.7: SEM image of silver nanostructures 

synthesized in the presence of air as the secondary 

phase. 
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affected when the nanostructures are merely assembled at the water-oil interface, causing the 

growth to be more favorable at the interface rather than within the droplet.  

4.3.3.2. Silver nanowires (AgNWs) synthesized in 

configuration A 

To synthesize 1D silver nanostructures (e.g. 

AgNWs), the process should favor asymmetric 

growth facilitated by a controlled deposition rate of 

Ag0 atoms, as well as thermodynamic control over 

nanocrystals’ surface growth377. We previously 

showed in our recent study that tannic acid can be 

used as both the reducing and capping agents to 

synthesize AgNWs at room temperature with 

moderate yield, under controlled kinetics and reduction rate facilitated by photons485. However, 

that process was carried out in batch conditions, in which mixing and mass transfer is not as 

effective as in the millifluidic reactor. To synthesize AgNWs, configuration A was taken into 

consideration with the conditions shown in figure 4.2, which are similar to our batch process 

(room temperature, 5 mM tannic acid, and 5 mM silver nitrate). Additionally, the tubing was fully 

covered with aluminum foil to prevent the absorption of photons similar to the dark condition for 

our batch reactor in which the reactor was fully covered with aluminum foil. The reaction had a 

residence time of 96 minutes compared to the 240 minutes reaction time for the batch process. 

Figure 4.9.A shows the SEM image of the silver nanostructures, including mostly AgNWs, 

synthesized in the millifluidic reactor. The AgNWs had an average diameter of 47±18 nm, an 

average length of 5.8±4.1 µm, and the yield is estimated to be around 82%. The yield of AgNWs 

Figure 4.8: SEM image of silver nanostructures 

synthesized in the presence of silicone oil as the 

secondary phase. 
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synthesized at the dark condition was significantly 

higher compared to those synthesized in the batch 

process (the dark condition). An interesting 

phenomenon is that when the reaction is carried out 

in the batch reactor in the dark condition, the 

formation of silver nanoplates is more favorable due 

to a significantly slow reduction rate. In such case, a 

lower reduction rate leads to a lower atomic 

deposition rate, which promotes the formation of 

stacking faults favoring the growth of nanoplates. 

However, this is not the case for the millifluidic 

reactor. Although the reaction was carried out in the 

dark in the millifluidic reactor, the formation of 

AgNWs was more favorable compared to that of the 

batch. This indicates that the atomic deposition rate 

was adequately high in the millifluidic reactor 

compared to batch one due to enhanced mixing that 

contributes to anisotropic growth, which is why the 

yield of AgNWs is higher. The higher atomic 

deposition rate can be attributed to the miniaturized 

reaction environment as well as the droplet-based 

flow in which mass transfer is enhanced through 

molecular diffusion rather than advection, which is 

the dominant mechanism in the batch process. 

Furthermore, the yield of AgNWs in the millifluidic 

reactor was even higher compared to the best batch condition for the synthesis of AgNWs (% 

Figure 4.9: A) SEM image of AgNWs 

synthesized using configuration A. B) TEM 

image of AgNWs synthesized using configuration 

A. C) Diffraction pattern of AgNWs synthesized 

in the millifluidic reactor. 
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yield) where the reaction was partially exposed to photons. Furthermore, the TEM image of 

AgNWs is shown in figure 4.9.B. Figure 4.9.C shows diffraction patterns from AgNWs by which 

we can confirm the presence of single-crystal AgNWs.  

4.3.3.3. Silver nanostructures synthesized at different mixing configurations 

The surfactant (triton X-100) used in the synthesis of AgNWs can be used in different manners. 

Considering its inert properties, it can be mixed with either silver nitrate or tannic acid solutions 

prior to mixing of the two streams. This was carried out to observe how the yield of AgNWs was 

affected. For this purpose, the three different configurations discussed in section 2.3 were taken 

into consideration. The AgNWs synthesized using configuration A were discussed and analyzed 

in the previous section. Figure 4.10.A shows the SEM image of the silver nanostructures 

synthesized using configuration B. As demonstrated, the nanostructures consisted of particles 

with various morphologies and large size distribution along with a few nanorods. In this case, the 

yield of AgNWs was significantly lower compared to configuration A. A likely reason is the 

interaction of triton X-100 with tannic acid. Despite being inert to Ag+ ions, triton X-100 can 

interact with tannic acid molecules via hydrogen bonding between triton X-100’s etheric oxygens 

Figure 4.10: A) SEM image of silver nanostructures synthesized using configuration B. B) SEM image of silver 

nanostructures synthesized using configuration C. 
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and tannic acid’s hydroxyl groups496,497, thus disrupting the adsorption of Ag+ ions and the 

formation of tannic acid-Ag+ complex. It was previously shown that triton X-100 can disrupt 

phenolic-enzymatic interactions by interacting with the phenolic compounds, including tannic 

acid496,498. As a result of such interactions, less tannic acid molecules will be available to form the 

tannic acid-Ag+ complex. In such case, it is as if the concentration of tannic acid is less than that 

of configuration A (5 mM). A less than 1 molar ratio of tannic acid/silver increases the 

incorporation of Ag0 atoms into particles485, which leads to higher nucleation and growth rates 

compared to that of configuration A, which is why the yield of AgNWs is lower in configuration 

B.  

Figure 4.10.B shows the SEM image of the silver nanostructures synthesized using configuration 

C. As demonstrated, the nanostructures consisted of particles with varied morphologies, along 

with a few nanowires, somewhat similar to configuration B. However, the yield of AgNWs in this 

case was slightly higher compared to configuration B. Similarly, this could be due to the 

interaction of triton X-100 with tannic acid, but slightly differently. In configuration C, when 

tannic acid and silver nitrate/triton X-100 streams are being mixed at the junction, both Ag+ ions 

and triton X-100 molecules diffuse through the tannic acid solution. As a result, there should be a 

competition between Ag+ ions and triton X-100 molecules in interacting with tannic acid, while 

this is not the case for configuration B where tannic acid and triton X-100 are well-mixed before 

silver nitrate is introduced. As a result, more tannic acid molecules are available to form the 

complex with Ag+ ions in configuration C, which is a closer scenario to configuration A. 

However, triton X-100 can still sever interactions of addition Ag+ ions with tannic acid, causing 

configuration C to deviate significantly from configuration A.  

Although this is possible that triton X-100 can still disrupt Ag+-tannic acid interactions in 

configuration A after triton X-100 is introduced through the second junction, it has a weak effect 

which can be potentially considered to be negligible. When the triton X-100 stream is introduced 
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through the second junction, it will meet a two-phase flow where silicone oil and aqueous 

droplets are separated. In this case, the absorption of triton X-100 onto the water-oil interface is 

more favorable; thus, the diffusion of triton X-100 into the aqueous droplet is limited. The results 

demonstrated that configuration A was the most favorable setting for the synthesis of AgNWs 

with a higher yield; therefore, this setting was considered for further experiments. 

4.3.3.4. Silver nanostructures synthesized at different light conditions 

We previously showed that UV-vis irradiation can significantly enhance the reduction of Ag+ ions 

in the batch synthesis of AgNWs using tannic acid, ultimately controlling the yield of AgNWs485. 

We demonstrated that this can be attributed to the strong absorption of UV light by tannic acid, 

which results in photoexcitation. The effect of UV-vis irradiation on the yield of AgNWs in the 

millifluidic reactor was similarly investigated in this study. The PTFE tubing used in this study 

was transparent, allowing the photons to pass through and reach the reaction environment. In 

order to carry out the experiments, different rounds of the tubing were covered with aluminum 

foil in a way that the rest of the tubing is exposed to irradiation. For this purpose, the first 10, 20, 

30, and 40 rounds of the tubing were exposed to UV-vis irradiation in each experiment. In 

addition, an experiment was carried out with the reactor fully exposed to irradiation. The white 

fluorescent lamps in our laboratory were used as the illumination source. In order to quantify 

illumination, the light intensity was measured at the top of the reactor (placed horizontally), 

which is closer to the illumination source, and at the bottom of the reactor which is farther from 

the source. The readings were measured to be 592 and 317 LUX, respectively. This means that 

the reaction droplets will experience a maximum of 592 and minimum of 317 LUX light 

intensity; as a result, there will be an oscillation between those two values as the droplets take one 

turn to the next. Furthermore, the number of tubing rounds can be corresponded with their 

respective lengths and residence times, which are defined as exposure lengths and exposure 

residence times (ERT). These values are summarized in table 4.1.  
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Number of tubing rounds exposed to 

irradiation 

0 10 20 30 40 All of the 

tubing exposed 

Exposure length (ft) 0 6.2 12.4 18.6 24.8 50 

ERT (exposure residence time) (minutes) 0 11.9 23.8 35.7 47.6 96 

 

Figure A.9 shows the SEM images associated with different ERTs in addition to the SEM image 

of nanostructures synthesized in the dark (ERT of 0), which was discussed in the previous 

sections. In all cases, the nanostructures are a mixture of AgNWs and other nanoparticles such as 

nanorods, nanospheres, or structures with irregular morphologies. However, as the ERT 

increases, the yield of AgNWs decreases and 1D nanostructures tend to adapt a nanorod 

morphology. A significant difference in the yield of AgNWs between ERTs of 0 and 11.9 

minutes can be observed. There is not a significant difference in the yield of AgNWs and the 

overall morphology of nanostructures when ERTs are equal to or higher than 11.9 minutes. This 

suggests that the first 12-minute span and earlier, at the beginning of the reaction, is crucial for 

the outcome of the process as controlling the reduction rate can change the morphology and yield 

of the nanostructures. A more detailed analysis is provided in section 3.4.3 using UV-vis 

spectroscopy analysis. 

4.3.3.5. Silver nanowires/nanostructures synthesized at a different residence time 

For tubular reactors, residence time is often regarded as the mean residence time due to the 

existence of residence time distribution. A large residence time distribution can adversely affect 

the quality of the product in the case of nanomaterials synthesis (i.e. high size distribution, non-

uniform morphology). The residence time distribution can be reduced by either manipulating the 

flow regime or changing the geometry of the reactor. For instance, helical coil or preferably coil 

flow inverter reactors can induce Dean vortices, which can break stagnant regions, and therefore 

reduce residence time distribution499–502. This is necessary for a continuous flow. However, the 

Table 4.1: Residence times in the millifluidic reactor for exposure to UV-vis illumination. 
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flow in our setup is different as aqueous reaction 

droplets are separated by silicone oil and a 

continuous one-phase flow does not exist. As a 

result, the residence time distribution for the 

particles inside the droplet is minimized. 

Therefore, a value of 96 minutes may be 

considered to be constant for all the particles 

passing through the reactor. To investigate the 

effect of residence time on the yield of AgNWs and 

the overall morphology of the silver nanostructures, the reactor inlet flowrates were halved to 

obtain an overall flowrate of 157 µL/min, equivalent to a residence time of 192 minutes, which is 

twice of the initial residence time. Figure 4.11 shows the SEM image of the silver nanostructures 

synthesized at 192 minutes residence time. As it can be observed, most nanostructures included 

AgNWs almost similar to the original condition where the residence time was 96 minutes. The 

process is still favorable for the synthesis of 1D nanostructures and the lower flowrate does not 

affect mixing significantly as both processes have a laminar flow regime, and Reynold’s number 

(Re) is equal to 4.18 and 2.09 for the higher and lower flowrates, respectively. However, there are 

two main differences between the two processes. The first is the length of the AgNWs obtained at 

192 minutes residence time, which was on average higher (8.5±4.4 µm) than that of those 

obtained at 96 minutes residence time. Another difference is the presence of other nanostructures 

with irregular morphologies along with AgNWs. As the residence time increases, the 

concentration of Ag+ ions is depleted in the flow resulting in a decrease in reduction and growth 

rates. A possible situation is that this may not favor further growth of AgNWs because of the 

inadequate atomic deposition rate, and instead, the reduced Ag0 atoms nucleate and the seeds 

grow, therefore producing a large number of small particles. These particles also exist in the case 

of 96 minutes residence time; however, they may be overshadowed by the larger presence of 

Figure 4.11: SEM image of silver nanostructures 

synthesized at 192 minutes residence time. 
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AgNWs. In general, the yield of AgNWs is higher for the 96 minutes residence time compared to 

192 minutes residence time; however, AgNWs are longer in the case of 192 minutes residence 

time, and therefore have a higher aspect ratio since the average AgNW diameter (41±15 nm) is 

not significantly different from that of 96 minutes residence time. 

4.3.3.6. Silver nanowires/nanostructures synthesized using different coil diameters 

Controlling mixing in tubular reactors is crucial to mass and heat transfer. One particular method 

to enhance mixing is to have a curved flow path. This idea was previously used for the synthesis 

of nanomaterials in several studies463,472,473,503–505, and the flow path design was essential in 

determining the final size and morphology of the products. It was first demonstrated by Dean in 

1920’s506,507 that the helically-coiled tubes result in the creation of symmetrical vortices across the 

tube cross section as a result of centrifugal forces, where the Dean’s number (𝐷𝑒) is described as 

shown in equation 4.2. 

𝐷𝑒 = 𝑅𝑒√𝜆 Equation 4.2 

 

Where 𝑅𝑒 is the Reynold’s number, and 𝜆 is the curvature ratio defined as the ratio of the tubing 

diameter to the coil diameter (
𝑑

𝐷
). The Dean’s number is important in analyzing the effect of the 

secondary flow and mixing. The more the value of the Dean’s number, the stronger the 

centrifugal effect, thus creating more circulating vortices within the droplet, which results in a 

more rapid mixing. This can be done either by increasing the curvature ratio or by increasing 𝑅𝑒 

or both at the same time. We also recall Reynold and Schmidt’s number, which are shown in 

equations 4.3 and 4.4, respectively.  

𝑅𝑒 =
𝜌𝑣𝑑

𝜇
 Equation 4.3 

𝑆𝑐 =
𝜇

𝜌𝐷𝐴𝐵
 Equation 4.4 
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Where 𝜌 is the fluid density, 𝑣 the fluid velocity, 

𝑑 the tube diameter, 𝐷𝐴𝐵 the molecular diffusivity 

of component A in component B, and 𝜇 the fluid 

viscosity. The effect of Dean’s vortices is stronger 

for higher 𝑅𝑒, particularly in the turbulent region. 

However, Kumar et al.508 analyzed both the 

laminar and turbulent flow behavior in helically 

curved tubes with a circular cross section. They 

showed that when the curvature ratio is increased 

from 5 to 10 (by changing the coil diameter, for a 

constant tubing diameter), the mixing greatly 

increases for 𝑅𝑒 values even as small as 10, which 

lies in the laminar region. Similarly, in a more 

recent study, Mansour et al.509 demonstrated using 

computational fluid dynamics (CFD) simulations 

that decreasing the coil diameter (for a constant 

tubing diameter) enhances mixing for various 𝑅𝑒 

values as small as 5. To see how this can affect 

the size and morphology of silver nanostructures 

in our system, the experiments were carried out 

for different coil diameters include 1.33, 2.37, and 

5 inches, using configuration A. All previous 

experiments were carried out for the coil diameter 

of 2.37 inches. Figure 4.12 shows the SEM 

Figure 4.12: SEM images of silver nanostructures 

synthesized at different coil diameters. A) 1.33 in, B) 

2.37 in, and C) 5 in. 
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images of the silver nanostructures synthesized at different coil diameters, corresponding to 

different curvature ratios. As demonstrated, the yield of AgNWs decreases significantly when the 

coil diameter is decreased to 1.33 inches. In this case, the product consisted mostly of 

nanoparticles with irregular morphologies. For 5 inches of coil diameter, the product consisted of 

large agglomerated particles along with AgNWs and thick nanorods (diameter >100 nm) with a 

twisted long axis. By comparison, there are more AgNWs for the 5-inch coil reactor compared to 

the 1.33-inch coil reactor, but less compared to the 2.37-inch coil reactor. An analysis of mixing 

in the flow can shine a light on the mechanism behind this difference. Typically, for small 𝑅𝑒 

values, mixing  is less dependent on  the change in 𝑅𝑒 but more dependent on the change in 

Schmidt’s number because mixing is dominated by diffusion rather than advection509–512. But in 

the case of helically coiled reactors, both effects come into play due to the presence of secondary 

flow. For two liquid droplets that are going to be mixed, mixing occurs more rapidly for lower 

Schmidt’s number thanks to the effects from diffusion (larger 𝐷𝐴𝐵). In Mansour et al.’s study509, 

it was demonstrated that complete mixing between the two aqueous droplets can be achieved 

within the first 4 turns for a 118 mm (4.64 inches)-large coil. In that case, Schmidt’s number was 

equal to 1,000, 𝑅𝑒 equal to 5, the coil pitch equal to 16 mm, the tube diameter equal to 10 mm, 

and the curvature ratio equal to 0.0423. By comparison, in our study, 𝑅𝑒 in the flow is equal to 

4.18, which is close to the value of 5 in their study and the curvature ratio in our study is equal to 

0.047 (for the 1.33-inch coil), which is almost identical to that of Mansour et al.’s study (0.042). 

However, the coil pitch in our study was equal to the tubing diameter (1/16 inches=1.59 mm), 

which is the minimal possible value for the pitch and Schmidt was equal to 606.8. From the 

Schmidt value, it can be deduced that the effects of diffusion are stronger in our setup. In our 

study, when the coil diameter is decreased from 2.37 to 1.33 inches (increasing curvature ratio), 

mixing is enhanced and the two droplets (one containing silver nitrate and the other containing 

tannic acid) are mixed more rapidly. Consequently, the reduction of Ag+ ions and as a result, 
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nucleation and growth rates are faster. However, when the coil diameter is increased (decreasing 

curvature ratio), mixing is weaker and the two droplets take longer to fully mix. One particular 

reason for the agglomeration of particles and the presence of large nanostructures can be the 

movement of particles in the flow. In our study, the laminar flow is not strong enough to fluidize 

the nanostructures synthesized in the droplets; therefore, when nanostructures grow, they tend to 

settle at the bottom of the droplets because of gravity. When the coil diameter is larger, these 

nanostructures settle at the bottom of the droplet for longer periods of time, thus creating a 

stagnant presence within the droplets, which leads to the agglomeration of nanostructures and a 

non-uniform morphology. This can be worse for continuous flows or droplet-based reactors with 

large droplets or liquid slugs. A similar analysis was previously provided by Hohmann et al.513. 

This is a challenge for the synthesis of nanomaterials with uniform size and morphology, but it 

can be addressed by increasing the curvature ratio (i.e. decreasing the coil diameter). 

4.3.4. UV-Vis results 

4.3.4.1. Silver nanowires (AgNWs) synthesized using configuration A 

Figure 4.13 shows the UV-vis spectra of AgNWs, in which a peak at 394 nm and a shoulder peak 

around 350 nm can be observed (corresponding to the transverse surface plasmon resonance of 

AgNWs). In general, in the case of 

AgNWs, a peak wavelength at or around 

390 nm is expected. Depending on the 

yield of AgNWs, this wavelength can 

differ. The more the yield of AgNWs 

decreases, the peak wavelength will 

become more red-shifted.  Figure 4.13: UV-vis spectra of AgNWs synthesized using 

configuration A. 
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4.3.4.2. Silver nanostructures synthesized at different mixing configurations 

It is difficult to make a holistic 

judgement regarding the yield of 

silver nanowires based on the SEM 

images shown in figure 4.10. Figure 

4.14 shows the spectra of silver 

nanostructures synthesized using 

both configurations. It can be seen 

that the peak for configuration C is 

more blue-shifted compared to that of configuration B (at 417 nm compared to 438 nm) due to 

more and longer 1D Ag nanostructure. This confirms that configuration C is slightly closer to 

configuration A and more favorable for the synthesis of AgNWs compared to configuration B.  

4.3.4.3. Silver nanostructures synthesized at different light conditions 

The UV-vis spectroscopy of silver 

nanostructures synthesized at 

different light conditions (figure 

4.15) show that the wavelength is 

more red-shifted when the ERT 

increases, which is due to the lower 

yield of AgNWs as well as the 

presence of shorter 1D nanostructures 

such as nanorods. This is due to the 

enhanced Ag+ reduction rate, which results in fast nucleation and growth in which seeds adopt a 

symmetric morphology because it is thermodynamically more favorable377. This is not favorable 

Figure 4.14: UV-vis spectra of silver nanostructures 

synthesized using configurations B and C. 

Figure 4.15: UV-vis spectra of silver nanostructures 

synthesized at different illumination or exposure residence 

times (ERTs). 
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for the synthesis of AgNWs, where 

symmetric breaking is preferred for 1D 

growth377. A particular analysis of the 

UV-vis spectra (figure 4.16) shows the 

peak wavelength vs. ERTs. As the ERT 

increases, the irradiation factor will 

have a weaker effect on changing the 

peak wavelength. This occurs because 

for a constant value of irradiation, the 

final morphology of Ag nanostructures is majorly dictated by the enhanced reduction rate at the 

beginning rather than throughout the reactor.  

4.3.4.4. Silver nanowires/nanostructures synthesized at a different residence time 

The UV-vis spectra of silver nanostructures synthesized at 192 minutes residence time is 

demonstrated in figure 4.17. The thick black line represents the original UV-vis spectra of silver 

nanostructures. In this case, the main peak can be observed at 438 nm, which corresponds to the 

presence of nanoparticles. However, a slight shoulder peak may be observed around 390 nm. To 

confirm the presence of the AgNW peak at 390 nm, the UV-vis curve was analyzed by Origin’s 

peak separation tool. In this analysis, the 

curve is mathematically broken down 

into different parabolic curves with peaks 

where the cumulative curve fits the 

original curve. Figure 4.17 also shows 

the separated fit peaks along with the 

original curve. The curve fitting 

information are provided in table A.1. As 

Figure 4.16: Change in UV-vis spectra peak wavelength 

with respect to exposure residence time (ERT). 

Figure 4.17: Peak separation of the UV-vis spectra. 

Performed using the Origin© software. Function used: 

Lorentz. 
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demonstrated, two separate peaks can be confirmed at 392 and 450 nm, which can correspond to 

the presence of AgNWs and silver nanoparticles, respectively, which is the expected 

spectroscopic behavior from AgNWs and silver nanoparticles. In addition, a third curve with a 

shoulder peak around 350 nm can be observed in figure 4.17, most likely corresponding to 

AgNW spectroscopic characteristics that is usually observed. For the third curve, there is another 

peak at 325 nm, which is derived mathematically, and is irrelevant because it is out of the 

AgNWs peak absorbance range. 

4.3.4.5. Silver nanowires/nanostructures synthesized using different coil diameters 

The UV-vis spectra of silver 

nanostructures for the three different 

coil diameters is provided in figure 

4.18. The curve in the case of 2.37-in 

coil diameter is the same curve 

provided in figure 4.13, which is the 

case where AgNWs have the highest 

yield. For the higher coil diameter (5 

in), the peak wavelength is slightly more red-shifted due to the presence of nanostructures other 

than wires. For the lower coil diameter (1.35 in), the absorbance band is spread-out and the peak 

wavelength is excessively red-shifted, which correspond to the presence of nanoparticles with 

high size distribution. These results are in agreement with the SEM images provided in section 

4.3.3.6.  

 

 

Figure 4.18: UV-vis spectra of silver nanostructures 

synthesized using different coil diameters.  
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4.3.5. Measurement of Ag+ ions and analysis of the synthesis mechanism in the case of different 

coil diameters 

To confirm the difference of reduction rate 

for different coil diameters, the concentration 

of Ag+ ions was measured at different 

residence times (0, 16, 32, 48, 64, 80, and 96 

minutes) by dissecting the tubing to obtain 

the corresponding residence times. The 

results are demonstrated in figure 4.19. As 

demonstrated, the consumption of Ag+ ions is 

higher for the smaller-sized coil and lower for 

the larger-sized coil. This is an interesting 

phenomenon because it can be compared with the drop-wise addition of a precursor to the 

reducing agent in the case of batch AgNW synthesis. A slow and steady addition of Ag+ to the 

reducing agent can be used as a tool to control the reduction of Ag+ ions, and therefore the rate of 

atomic deposition for asymmetric growth as well as controlling supersaturation. This can 

similarly be done in our millifluidic setup by merely changing the coil diameter. We can define a 

time interval as “mixing delay”, which would be the time interval beginning from when the 

droplets are just added together and ending when the droplets are fully mixed. The lower the 

mixing delay, which is the case for the smaller-sized coil, the faster the mixing of two droplets 

and therefore the stronger the reduction rate of Ag+, and vice versa for the larger-sized coil. A 

stronger reduction results in a faster nucleation and growth, which are more favorable for 

symmetrical growth rather than asymmetrical growth needed for the growth of AgNWs. For the 

larger-sized coil (5 in), the mixing delay is higher; therefore, the reduction of Ag+ ions is weaker 

Figure 4.19: Change in Ag
+
 concentration with respect 

to time for different coil diameters. 
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compared to both the 2.37-inch and 1.33-inch coils, but not significantly different from the 2.37-

inch coil.  

4.4. Conclusion  

The continuous synthesis of AgNWs in a two-phase, droplet-based, and a helically-coiled 

millifluidic reactor, using tannic acid as both the reducing and capping agents, was investigated. 

To observe how the overall morphology and the yield of AgNWs is affected, different factors 

were taken into consideration. These include the effect of the secondary phase other than the 

aqueous phase, triton X-100 as the surfactant, different mixing configurations, UV-vis light, 

residence time, and the coil diameter. The results showed that the presence of silicone oil, rather 

than air, as the secondary phase was necessary to prevent the deposition of nanostructures on the 

tubing inner wall. The use of silicone oil, however, posed a challenge on the separation of silver 

nanostructures as the nanostructures adsorbed on the water-oil interface. This was resolved by the 

addition of triton X-100, as an inert surfactant. The synthesis of AgNWs was then carried out by 

three different configurations, in which triton X-100 was added to the reaction in different 

manners. In the first configuration, triton X-100 was introduced to the reactor after tannic acid 

and silver nitrate were mixed and the droplets were separated by silicone oil. This was the best 

condition for the synthesis of AgNWs. In second configuration, triton X-100 was mixed with 

tannic acid prior to mixing with silver nitrate. This was not the ideal condition for the synthesis of 

AgNWs as triton X-100 can limit tannic acid capabilities to interact with Ag+ ions. In third 

configuration, triton X-100 was mixed with the silver nitrate solution prior to mixing with tannic 

acid. This was not either favorable for the synthesis of AgNWs as triton X-100 can still disrupt 

the absorption of Ag+ ions to the tannic acid’s dendritic structure. The disruption of triton X-100 

can be avoided if it is added after silicone oil is introduced to the reactor and after tannic acid and 

silver nitrate streams are added together. The effect of UV-vis illumination was investigated by 

exposing different lengths of the tubing to illumination, which corresponded to different exposure 
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residence times (ERT) (0, 11.9, 23.8, 35.7, 47.6, and 96 minutes). The results showed that the 

yield of AgNWs significantly decreases as the exposure residence time increases. Furthermore, 

the effect of residence time on the yield of AgNWs was discussed. The results showed that a 

lower residence time (96 minutes) was more favorable for the synthesis of AgNWs with higher 

yield. However, a higher residence time (192 minutes) was more favorable for the synthesis of 

AgNWs with higher aspect ratio and also more favorable for the synthesis of silver nanoparticles, 

thus leading to a lower yield of AgNWs. Finally, the effect of coil diameter on the yield of 

AgNWs was investigated. A smaller coil diameter (1.33 inches) was more favorable for the 

synthesis of nanoparticles, while a larger coil diameter (5 inches) led to particle agglomeration. A 

coil diameter of 2.37 in was found to be the best condition for the synthesis of AgNWs. The 

reduction of Ag+ ions was also analyzed by measuring the concentration of Ag+ at different 

residence times (0,16, 32, 48, 64, 80, 96 minutes). It was shown that the reduction of Ag+ ion was 

stronger in the case of reactors with lower coil diameters. By comparing with previous studies on 

continuous flow in pipes, it was deduced that rapid mixing was responsible for faster reduction in 

the lower-sized coiled-reactor (1.33 in), which lead to a significant decrease in the yield of 

AgNWs. For the larger-sized coiled-reactor (5 in), the deposition of nanostructures at the bottom 

of the droplets created a stagnant presence that led to particle agglomeration. The continuous 

process proposed in this study can resolve many challenges regarding the large-scale production 

of nanomaterials for manufacturing of electronics and many other applications. To name some 

advantages, the helically-coiled millifluidic reactor in our study is inexpensive to prepare, the 

process is strongly resistant to fouling and particle deposition, and thus the tubing can be used for 

a long period of time, the process is carried out at room temperature, only tannic acid is used as 

both the reducing and capping agents, and the mixing can be controlled by merely changing the 

coil diameter without needing to impose active mixing, such as by ultrasonication, which require 

additional energy. The high yield of AgNWs obtained from an inexpensive and continuous 
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process are promising for manufacturing transparent conductive films (TCFs), which are utilized 

for the production of flexible and wearable electronics. 
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CHAPTER V 
 

 

INVESTIGATION OF THE RHEOLOGICAL BEHAVIOR OF GREEN AND 

SUSTAINABLY-SYNTHESIZED SILVER NANOWIRE-BASED CONDUCTIVE INK FOR 

PRINTING APPLICATIONS 

 

5.1. Introduction 

The development of metal-based colloidal conductive inks has emerged as a promising approach 

for manufacturing inexpensive, versatile, and flexible transparent conductive films (TCFs) used 

for the development of health-monitoring wearable devices, supercapacitors, photodetectors, and 

solar cells, to name a few514–517. Indium tin oxide (ITO) has been commonly applied in most 

TCFs, thanks to its high optical transmittance (> 90%) and its low sheet resistance (<10 

Ω/square)477. However, the brittleness of the ITO limits its applications in flexible electronic 

materials and its manufacturing process is energy-intense.477,478. Alternatively, silver nanowire 

(AgNW)-based conductive inks are among the most prominent materials for TCF manufacturing 

due to their high electrical conductivity (with silver being the most conductive metal), enhanced 

transmittance, and their ability to sustain conductivity after a bending stress is applied 479,518. In 

addition, the networks formed by interconnected nanowires, facilitates the flow of electrons and 

decreases sheet resistance.
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To print TCFs with high quality (sharp line definition, high resolution, and minimum surface 

roughness), regardless of the printing process, the rheological properties of the ink (i.e. shear 

thinning or shear thickening characteristic, viscosity), and ink composition (i.e. organic binders, 

solvent, nanostructure conductive filler concentration and morphology) should be considered. 

However, these characteristics need to be tuned according to the corresponding printing 

application.  

In the screen printing process, which is the most common printing process used to print 

conductive inks, the ink is placed on a frame with mesh on a substrate, and then subjected to 

shear stress applied by a squeegee. In a typical screen printing process, the applied shear rate lies 

in the region of 0.1-200 1/s519–521. The magnitude of the shear rate depends on the stress exerted 

by the squeegee, its movement rate, and more importantly the mess size 522,523. For a smaller mesh 

size, the shear rate increases, and can exceed the 0.1-200 1/s range, especially if thin patterns (i.e. 

with hundreds of micrometers width) are needed. In such processes, the rheological properties of 

the ink determine the sharpness of the printed lines for uniform conductive patterns362. The 

relatively fast recovery of the shear viscosity (returning to the initial viscosity value by changing 

the shear rate) is vital for the formation of sharp-edged lines524. Due to the high shear rate, high-

colloidal-content and viscous conductive ink is needed in order for the ink retain its original 

structure after screen printing. Screen printing method has several advantages such as versatility, 

simplicity, fine resolution, and high-volume printing; however, bears a main disadvantage, which 

is substantial material wastage during the printing process. Another useful printing method is 

inkjet printing, where the conductive ink is printed unto a substrate in miniaturized droplets, tens 

of micrometers in diameter 525,526. In the inkjet printing process, ink droplets are shot to a 

substrate from multiple (hundreds) nozzles (10-100 µm) attached to a printhead 525. The 

recommended viscosity range for inkjet printing lies in the region of 1-30 cP 527,528, which is 

typically lower compared to the viscosity needed for screen printing. Higher viscosities can result 
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in nozzle clogging. The inkjet printing process is highly advantageous for obtaining patterns with 

significantly high resolutions (dots per inch), and the ink does not need to be highly viscous to 

sustain high shear. However, the inkjet printing instrument is expensive and in the case of 

AgNW-based ink, nanowires with high aspect ratio can clog the nozzle, and are often cleaved 

using sonication to avoid that issue 529. Another printing method is the direct writing approach, 

that is a mechanized printing process where the ink is directly printed through a nozzle (typically 

hundreds of µm wide in diameter) that is connected to an extruder, often operated by a 3D 

printing instrument. In order to maintain the desired shape after settlement, the conductive ink 

needs to flow in a smooth manner after being deposited from the nozzle 530. The conductive ink to 

be printed using the direct writing approach should typically have a higher viscosity compared to 

the one used in inkjet printing, but a lower viscosity compared to the one used in screen printing. 

The direct writing process is advantageous in terms of being inexpensive, simple, versatile, 

customized printing, efficient usage of materials, and precision. Nevertheless, the process suffers 

from limited resolution and thick pattern lines, which limits its capability to print miniaturized 

circuits needed in small devices.  

In all printing processes, the timescale for viscosity recovery is important in the determination of 

line sharpness and film leveling after printing 362. A relationship between this timescale 

characteristic time and viscosity transition (from high to low shear rate) was previously proposed 

by the structure build-up or “Stretched Exponential” model 531,532 as shown in equation 5.1. 

𝜂 = 𝜂0 + (𝜂∞ − 𝜂0)(1 − exp(−
𝑡

𝜏
)𝑟) 

 

 
Equation 5.1 

Where 𝜂 is the viscosity at time 𝑡, 𝜂0 is the viscosity at the high shear rate, 𝜂∞ the viscosity at the 

low shear rate, 𝜏 the transition characteristic time, and 𝑟 a dimensionless constant, which is equal 

to one in most cases. The values for 𝜂0 and 𝜂 may be obtained using the peak hold test (applying 
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a step increase to the shear rate followed by a decrease to the initial shear rate to mimic the ink 

charging sequence107).  

 Furthermore, a considerable factor that affects the viscosity transition and recovery time is the 

type and weight percentage of the nanostructure content (i.e. AgNWs). Hemmati et al. 362 

investigated the characteristic recovery time using the same equation (Equation 5.1) by testing 

inks with different commercially available AgNW content. They found that the characteristic 

time is decreased (down to 20.9 s) by increasing the Ag nanostructure content (up to 6 w%). In 

another study, Liang et al. 524 also investigated the rheological behavior of the AgNW ink by 

measuring the viscosity recovery percentage after an applied shear stress, for different AgNW 

compositions. They showed that for a medium AgNW composition of 6.6 w%, a maximum 

viscosity recovery percentage of 59.4 % can be obtained after 10 seconds of a step change in 

shear rate (from 200 to 0.1 S-1). After 50 s, the viscosity recovery percentage increased to 85.9 %. 

However, for a higher content of AgNW (7.3 w%), 58.5 % of the initial viscosity value was 

obtained. This was attributed to the high viscosity of the ink at higher AgNW content. In addition, 

film leveling in the case of higher AgNW content was reported to be incomplete compared to the 

medium AgNW content. As a result, finding an optimal AgNW content is necessary for a 

relatively rapid viscosity recovery and higher recovery percentage. In both studies, screen 

printing was used to print the AgNW ink on the substrates. Another factor affecting the 

rheological behavior of the inks is the aspect ratio (ratio of length to diameter) of AgNWs. In the 

case of silver flakes, even at high content (>60 w%) the recovery rate is still lower compared to 

nanowires 524,533. This difference is due to the high aspect ratio of the AgNWs compared to silver 

flakes that do not have a 1D structure, and therefore do not have a defined aspect ratio. By 

increasing aspect ratio, a more rapid viscosity retention can be achieved for an ink with the same 

AgNW content 524.  
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In the case of high-precision printing of colloidal inks using an automatic printing machine (i.e. 

direct writing), three criteria need to be satisfied 534,535. Firstly, the initial viscosity of the ink 

should be in a region that allows its continuous and uniform printing. This depends on the printer 

properties and application. A significantly low viscosity will lead to the creation of satellite 

droplets and disrupts line uniformity after printing 536 while a significantly high viscosity does not 

allow the ink to be squeezed out of the nozzle. The conductive filler content, concentration of 

binder, and dispersing agent (if any) are essential in determining the viscosity of the ink. The 

second criterion is the ability of the ink to settle and recover its initial viscosity rapidly enough 

after flowing through the nozzle to facilitate shape retention of the deposited material. For this 

purpose, the ink should exhibit shear thinning behavior with relatively rapid viscosity recovery 

rate (within seconds) after shear stress removal 530. Thirdly, shrinkage upon drying should be 

minimized, which can be done by using a high colloid volume fraction. However, it should be 

noted that a significantly high colloid content can result in nozzle clogging during the printing 

process. This issue can be addressed by using high aspect ratio AgNWs as they align under the 

shear and extensional flow, which is developed in the nozzle, thus reducing the risk of nozzle 

clogging 537,538.  

AgNWs synthesized by the polyol process 426 have been widely used for conductive ink 

preparation. However, the application of green-synthesized AgNWs in conductive ink printing 

has not been studied to the best of our knowledge. We previously developed a green and 

sustainable method in which AgNWs with moderate yield were synthesized using tannic acid as 

both the reducing and capping agents at room temperature, unlike the polyol process that requires 

relatively high temperatures (>150 °C) and an additional capping agent. In this work, conductive 

ink using tannic acid-synthesized AgNWs as the conductive filler has been prepared. The 

rheological properties of the ink were investigated to analyze the shear thinning behavior of the 

ink, and simulate printing process in screen printing and direct writing. The characteristic 
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transition time for shape retention, and the effect of temperature and Ag nanostructure content on 

the rheological behavior of the ink was investigated. The direct writing of green AgNW-based 

conductive inks can be a promising approach for printed electronics thanks to its simplicity, 

minimal material wastage, low shear rate printing, and significantly low manufacturing cost 

starting from the initial material consumption to the final printing process. 

5.2. Methodology 

5.2.1. Materials 

Silver nitrate (AgNO3, MW: 169.87 g/mol, product number: S0139), tannic acid (MW: 1701.2 

g/mol, product number: 403040), nitric acid (HNO3, 70% ACS reagent, MW: 63.01 g/mol, 

product number: 438073), and sodium carboxymethyl cellulose (CMC, MW~90000 g/mol, 

product number: 419273) were purchased from Sigma Aldrich. Dispex ultra FA 4416 was 

purchased from BASF© as the dispersing agent and was used for conductive ink preparation. In 

addition, a commercial conductive ink (60 w%, manufacturer: Taylor Engineering©) was used 

for comparison with our laboratory-made conductive ink. Deionized water (DIW, ASTM type II) 

was used as the solvent to prepare aqueous AgNO3 and tannic acid solutions, as well as the 

conductive ink. 

5.2.2. Synthesis and isolation of AgNWs 

For AgNWs synthesis with high throughput compared to our previously published study (5 mM 

tannic acid and AgNO3 solutions), aqueous tannic acid and AgNO3 solutions (both 20 mL,100 

mM each) were prepared. The pH of the tannic acid solution was adjusted to 1.25 by adding 

HNO3. The tannic acid solution was then added to a 100 mL round glass flask, and the AgNO3 

solution was added dropwise. The reaction was continued at room temperature for 4 hours. The 

flask was exposed to white fluorescent light at 676 LUX during the whole reaction because it 
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assists the reduction process 2. After the synthesis process was completed, the AgNWs suspension 

was centrifuged 4 times in DIW at 5,000 rpm, with the supernatant being removed after each 

centrifugation step. 

5.2.3. Scanning Electron Microscopy (SEM) characterization 

AgNWs were characterized by the FEI Quanta 600 field-emission gun Environmental Scanning 

Electron Microscope at the Oklahoma State University microscopy laboratory. To do the 

characterization, 100 μL of the AgNWs suspension was pipetted unto smooth carbon tabs taped 

to aluminum pins. The samples were then kept at dry and room temperature conditions for 24 h to 

allow the samples to dry. The pins containing the AgNWs were then put on sample holders in the 

SEM instrument for characterization. 

5.2.4. Conductive ink preparation 

The AgNW-based conductive ink was prepared by mixing the AgNWs suspended in DIW, CMC, 

and the Dispex Ultra FA 4416 dispersing agent. The ink was prepared at different AgNWs weight 

percentages (2,5, 10, and 20%), while the weight percentage of CMC and the dispersing agent 

were both kept at 6%.  

5.2.5. Rheological tests 

To investigate the rheological properties of the prepared conductive ink, the ink sample was 

analyzed by TA Instrument’s© Discovery HR-10 Rheometer. To do so, a 25 mm geometry was 

used and three main tests were performed including flow sweep, peak hold, and frequency sweep 

tests. After geometry definition and test setup, the ink sample was poured unto the sample holder 

disk (peltier plate) and trapped between the geometry and the disk. The trim gap (gap set for 

trimming the sample prior to the rheological test) was 1,050 µm and the test gap (gap set for 
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rheological testing) was 1000 µm. A 3-minute soak time was allowed for the ink to reach the 

desired temperature.  

5.2.6. Conductive ink printing rheological simulation 

To simulate the ink printing process using screen printing, the peak hold test was performed using 

the rheometer. In the first step of the peak hold test, the ink was subjected to a low shear rate of 

0.1 1/s for 40 seconds to simulate ink at rest. In the second step, the ink was subjected to a high 

shear rate of 400 1/s for 20 seconds to simulate ink under printing shear stress. In the third step, 

the shear rate was reduced back to 0.1 1/s for 100 seconds to simulate ink at resting condition 

after printing. To simulate the ink printing process using the direct writing method, a laboratory-

made 3D printer (figure 5.1) was considered as the model printer for the purpose of simulation, 

and its specifications were considered in the simulation process. The 3D printer extruder operated 

based on a syringe and piston system. To initiate the 

printing process, the syringe would be loaded by conductive 

ink, with the ink being pushed manually by the piston to 

reach the printing needle tip. The syringe inner diameter 

was set at 12 mm, the main tube inner diameter was set at 

3.5 mm, and the needle diameter was set 0.69 mm. To 

operate the printer, the Repetier Host software can be used, 

which utilizes Gcode to define printing properties, such as 

the extruder movement rate, the flowrate, and the writing 

pattern.  

 

 

Figure 5.1: Laboratory-made 3D printer 

that its specifications were used for 

conductive inks printing process 

simulation. 
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5.3. Results and Discussion 

5.3.1. Synthesis of AgNWs 

We previously investigated the green 

synthesis of AgNWs using tannic acid and 

AgNO3 at room temperature, as well as 

the effect of various factors such as light, 

Ag+ ion and tannic acid concentration, and 

pH 2,3. In such cases, AgNWs were 

produced at moderate yield using both 

batch and continuous millifuidic processes 

(50 and 82%, respectively). We 

demonstrated that light is a significant 

factor in controlling the reduction rate of 

Ag+ ions by tannic acid, and the fact that reduction rate can increase by increasing pH and 

increasing the light intensity of UV-visible white fluorescent light. We also demonstrated that it is 

imperative that the ratio of tannic acid concentration to Ag+ concentration is maintained at 1 in 

order to assist with the anisotropic growth of nanostructures which leads to the formation of 

nanowires2. The process by itself has several advantages, which are the minimal use of energy—

due to the reaction being performed at room temperature—, using a single-step processes and just 

one reducing agent, which can also act as a capping and stabilizing agent, and using a sustainable 

and environmentally-friendly reducing/capping agent, thereby decreasing chemical waste 

production. Despite all these advantages, the overall productivity of those processes was limited 

and not feasible for preparation of conductive ink, which requires high silver nanostructure 

content, because AgNO3 was used at a mere concentration of 5 mM. In this work, we were able to 

produce AgNWs with an approximate yield of 90% using AgNO3 and tannic acid at a much 

Figure 5.2: SEM image of silver nanowires (AgNWs) 

synthesized by tannic acid at room temperature. Average 

nanowire diameter: 32.9 ± 8.2 nm. Average nanowire length: 

9.8 ± 4.1 µm.  
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higher concentration (100 mM) (figure 5.2). This yield was higher compared to the yield acquired 

by both batch and millifluidic processes (~50 and 82%, respectively) previously synthesized at 5 

mM of AgNO3 and tannic acid. This was done by adjusting both the pH and light to control the 

reduction kinetics in a manner that leads to a controlled anisotropic growth process. Furthermore, 

acquiring such a high yield at lower concentrations was more difficult for two main reasons. The 

first issue is the increased sensitivity to experimental conditions. When the concentration is too 

low, the reaction can become highly sensitive to temperature, pH, and reducing agent/precursor 

concentration, which may ultimately lead to non-uniform morphologies and low-yield. The 

second issue is the increased risk of contamination. When the concentration of the precursor (in 

this case, AgNO3) is too low, the amount of impurities and contaminants in the reaction may be 

relatively large compared to concentration of Ag+; therefore, interfering with the reaction in a 

disruptive manner. If the favorable experimental parameters at high precursor/reducing agent 

concentration is discovered, such two challenges can be minimized. The reduction rate increases 

when the concentration of Ag+ ions is increased. However, the pH was reduced to a highly acidic 

value of 1.25, which decreases the reduction rate significantly and compensates for the increased 

reduction rate caused by high Ag+ concentration. Lower or higher than pH of 1.25 will result in a 

lower yield of AgNWs. The combination of AgNWs and nanostructures other than nanowires 

were used for conductive ink preparation.  

5.3.2. Rheological analysis 

When investigating the rheological behavior of a printable nanostructure-based conductive ink, 6 

main factors should be considered including viscosity, shear rate, weight percentage and 

morphology of nanostructures, solvent, temperature, and more importantly the printing conditions 

107,530,539–542. The first three were discussed in the introduction section. The effect of solvent is also 

important because solvents with higher surface tension tend to increase the viscosity of the ink. 

Temperature is also important because higher temperatures can reduce the viscosity of the 
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conductive ink while lower temperatures can increase it. This can be useful during the printing 

process because the rheological behavior of the ink can be tuned to suit the printing process by 

adjusting the temperature. Lastly, for the sake of proper rheological measurements, the specific 

printing condition needs to be considered. Printing conditions such as printing speed, ink 

flowrate, width/diameter of printing nozzle, and width/diameter of flow channel can affect the 

rheological behavior of the ink during printing process. Based on previous tests with our 

laboratory-made printer and its utilities, the overall viscosity of the ink (at rest) should be more 

than 5 Pa.s. Lower viscosities may result in nozzle drip, which leads to an inconsistent printing 

pattern. Higher viscosities can be used; however, this depends on the colloidal content and the 

concentration of the binder. One should note that there is not any defined viscosity range for 

printing applications, and the required viscosity and shear rate is application-specific. 

5.3.2.1. Rheological behavior of AgNW-based conductive ink and the effect of silver (Ag) 

nanostructure content 

5.3.2.1.1. Flow sweep test 

To investigate the rheological behavior of 

the ink, the first test was the flow sweep 

test. This test shows the overall viscosity 

of the ink change with respect to shear 

rates, and determines whether the ink has 

shear-thinning or shear-thickening 

behavior. A conductive ink that is going to 

be used for screen printing or direct 

printing applications should have a shear thinning characteristic. Figure 5.3 shows the viscosity of 

the ink vs. shear rate for 2, 5, 10, and 20% weight percentage of Ag nanostructures at room 

Figure 5.3: Flow sweep test for conductive ink with 

different silver nanostructure contents.  
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temperature (25 °C). As demonstrated, for all Ag nanostructure contents, the viscosity of the ink 

decreases with increase in shear rate, which shows the shear-thinning behavior of the ink. 

However, the decline in viscosity is more rapid for ink with higher Ag nanostructure content, 

while it is lower for ink with lower silver nanostructure content. 

5.3.2.1.2. Frequency sweep test 

The frequency sweep test was performed 

to analyze the viscoelastic behavior of the 

ink, and to extract valuable information 

about the effect of colloidal forces and the 

interaction of nanostructures. Two main 

variables are provided by the frequency 

sweep test including storage modulus and 

loss modulus. The storage modulus (Gˊ) is 

a measure of the elastic behavior of the ink while the loss modulus (G˝) is a measure of the 

viscous behavior of the ink. Figure 5.4 shows the frequency sweep test results, demonstrating 

storage and loss modulus vs. angular frequency for different Ag nanostructure contents, at room 

temperature (25 °C). Both the loss and storage modulus increase by increasing the Ag 

nanostructure content. This means that the resistance of the ink to deformation increases as the 

Ag nanostructure content increases. However, for all Ag nanostructure contents, and for the 

whole angular frequency spectrum, the loss modulus is more than the storage modulus, meaning 

that the viscous effect is dominant compared to the elastic effect. A more detailed analysis of the 

viscous/elastic effect can be provided by describing the tan delta variable (tan δ) as shown in 

equation 5.2. 

𝑡𝑎𝑛𝛿 =
𝐺 ˝

𝐺 ˊ
 

 
Equation 5.2 

Figure 5.4: Frequency sweep test for conductive ink with 

different silver contents.  
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Where G˝(Pa) is the loss modulus and 

Gˊ(Pa) the storage modulus. Thus, a higher 

tan δ accounts for a stronger viscous 

behavior while a lower tan δ accounts for a 

stronger elastic behavior. Figure 5.5, shows 

tan δ vs. angular frequency for different Ag 

nanostructure contents. As demonstrated, 

tan δ decreases overall for all Ag 

nanostructure contents, meaning that the 

elastic effects become stronger at higher frequencies. This is due to the fact that at lower 

frequencies, nanostructures have more time to move within the binder matrix, which can result in 

a more viscous response, while at higher frequencies, nanostructures have less time to move 

within binder matrix due to the high oscillation factor, which ultimately results in a more elastic 

response. The more the Ag nanostructure content, the lower the tan δ at high frequencies, 

meaning that the elastic response becomes stronger as the Ag nanostructure content increases. 

Nevertheless, for all Ag nanostructure contents and for the whole angular frequency spectrum, tan 

δ is higher than one, meaning that the viscous response is still dominant compared to the elastic 

response even for the highest angular frequencies. There is a “cross-over frequency” where the 

value of Gˊ equalizes G˝, and tan δ becomes equal to 1. After this frequency, the elastic response 

will be more dominant rather than the viscous response. However, this frequency was not reached 

in the range of angular frequency used in this study.  

5.3.2.1.3. Peak hold test: high-shear rate printing 

In the peak hold test, the ink is first subjected to a low shear rate, simulating ink at rest, and then 

subjected to a high shear rate, simulating ink under increased stress during printing, and then back 

Figure 5.5: tan δ (ratio of viscous modulus to elastic 

modulus) for conductive ink with different silver 

contents. 
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to low shear rate, simulating ink at rest or 

recovery after printing. This is a very useful 

test for printing applications such as screen 

printing, inkjet printing, and direct writing 

or 3d printing because it can simulate the 

flow of the ink during the printing process, 

and therefore determine whether the ink is 

suitable for such applications based on its 

rheological characteristics. The peak hold 

test was performed for the inks with Ag nanostructures content of 2, 5, 10, and 20 weight 

percentages. The sample was first subjected to low shear rate at 0.1 1/s for 40 seconds, followed 

by high shear rate at 400 1/s for 20 seconds, and then back to 0.1 1/s for 100 seconds. Figure 5.6 

shows the peak hold test for different Ag nanostructure contents at room temperature (25 °C). As 

demonstrated, the overall viscosity of the ink increases as the Ag nanostructure content is 

increased. However, it takes longer for the higher Ag nanostructure content ink to retain its 

original viscosity. By using the build-up structure model (equation 5.1), the characteristic time for 

transition can be identified. Table 5.1 shows the characteristic times of transition for Ag 

nanostructure contents of 10 and 20%. The characteristic time for transition in the case of 20% 

Ag nanostructure content is almost twice of that of 10% Ag nanostructure content, which explains 

the longer time for viscosity retention. For 2 and 5% of Ag nanostructure contents, the structure 

build-up model did not provide a statistically significant R2 value, and therefore could not fit the 

data. One possible reason for this may be the high shear rate; because high shear rates—

particularly for low colloidal content—can cause structural deformation in the ink, which causes 

the experimental data to deviate from the structure build-up model. Nevertheless, in both 2, and 

5% Ag nanostructure contents, the viscosity retains its original value (viscosity just before being 

subjected to higher shear rate) in less than 60 seconds compared to 100 seconds for the 20% Ag 

Figure 5.6: Peak hold test for conductive ink with 

different silver content (High shear rate= 400 1/s and 

Low shear rate= 0.1 1/s). 
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nanostructure content. We used the 400 1/s shear rate, as a significantly high shear rate value to 

observe the thixotropic behavior of the ink at very high shear. The high transition time caused by 

the 400 1/s shear rate suggests that this value may not be a proper shear rate in the printing 

process. When the shear rate increases, it also makes it harder for the ink to retain its original 

structure. Therefore, in this case, a lower shear rate is required to allow for a rapid transition. 

 

Ag nanostructure content 10 % 20 % 

Characteristic time τ (s) 13.75 27.04 

r (dimensionless constant) 0.78 0.73 

R2 0.91 0.97 

 

5.3.2.2. Effect of temperature 

5.3.2.2.1. Flow sweep test 

The flow sweep test was performed at 30 and 

40 °C to observe the change is viscosity and 

shear-thinning behavior with respect to 

temperature. This test and the next tests are 

done for the 20% Ag nanostructure content 

because 20% Ag nanostructure content was 

the most favorable condition for the direct 

writing application. Figure 5.7 shows the 

viscosity with respect to shear rate at 25, 30, and 40 °C. The curve for 25 °C is the same provided 

in figure 5.3. As demonstrated, the viscosity decreases by increasing the temperature. The decline 

in viscosity with respect to increasing shear rate is more rapid at lower temperatures; this 

behavior is similar to that of lower Ag nanostructure content ink. 

 

Table 5.1: Model parameters from the structure build-up model for 10% and 20%  silver nanostructure contents.  

Figure 5.7: Flow sweep test for conductive ink with 20 w.% 

silver content at different temperatures. 
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5.3.2.2.2. Frequency sweep test 

The frequency sweep test was performed at 

30 and 40 °C to observe the viscoelastic 

behavior of the ink. Figure 5.8 shows the 

storage and loss modulus of the ink with 

respect to angular frequency for different 

temperatures. As shown, both storage and 

loss modulus decrease as the temperature 

increases. With increasing temperature, 

overall resistance of the ink to deformation 

decreases. This is an important phenomenon 

and should be considered for printing 

processes at other temperature than that of 

room temperature. To analyze the 

dominance of either the storage or loss 

modulus, tan δ with respect to angular 

frequency for all temperatures should be 

considered, and Figure 5.9 shows this 

comparison. As demonstrated, for all temperatures, tan δ decreases by increasing angular 

frequency, which means that the elastic response becomes more dominant at higher frequencies. 

However, there is a noticeable difference between the curves. After the frequency of 

approximately 4 rad/s, tan δ for inks at 30 and 40 °C surpasses the one at room temperature, 

meaning that at low frequencies, the viscous response is more dominant in the case of lower 

temperatures, while at higher frequencies, the elastic response is more dominant. This 

Figure 5.8: Frequency sweep test for conductive ink with 

20 w.% silver content at different temperatures.   

Figure 5.9: tan δ (ratio of viscous modulus to elastic 

modulus) for conductive ink with 20 w.% silver content at 

different temperatures.  
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phenomenon occurs due to the fact that at higher temperatures, the nanostructures can move 

slightly easier, and therefore allow the ink to maintain its viscous response. 

5.3.2.2.3. Peak hold test: high-shear rate printing 

Similar to the peak hold test performed for 

different Ag nanostructure contents at room 

temperature, the peak hold test was 

performed to observe the shear thinning 

thixotropic behavior of the ink at different 

temperatures. Figure 5.10 shows the peak 

hold test, for the viscosity sketched with 

respect to time at different temperatures. In 

all cases, the ink experiences a relatively high 

transition time to retain its original viscosity. To compare the characteristic times for transition, 

the build-up structure model was used to fit the data for three temperatures. Table 5.2 shows the 

model parameters for all temperatures.  

    

Temperature 25 °C 30 °C 40 °C 

Characteristic time τ (s) 27.04 42.37 75.72 

r (dimensionless 

constant) 

0.73 0.86 0.73 

R2 0.97 0.96 0.98 

 

5.3.2.3. Printing simulation: low-shear rate printing 

To simulate the printing process, the situation that the ink undergoes inside the printer needs to be 

analyzed in detail. In a syringe-piston system, where the ink is squeezed through a cylindrical 

Figure 5.10: Peak hold test for conductive ink with 20 w% 

silver content at different temperatures.  High shear rate= 400 

1/s. Low shear rate= 0.1 1/s.  

Table 5.2: Stretched Exponential model parameters from the structure build-up model for different temperatures. 
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tube (figure 5.11), the shear rate for a shear-thinning material can be calculated by equation 

5.3543.  

�̇�𝑤 =
𝑄

𝜋𝑟3
[3 +

1

𝑛
] 

 

 
Equation 5.3 

Where 𝑄 is the flowrate inside the tube (mm3/s), 𝑟 the tube radius (mm), �̇�𝑤 the shear rate at the 

wall of the tube (1/s), and 𝑛 the dimensionless power law index, which will be derived from the 

power-law as shown in equation 5.4. 

𝜎 = 𝑘�̇�𝑛 
 

Equation 5.4 

Where 𝜎 is the shear stress (pa), �̇� the shear rate (1/s), 𝑘 the 

consistency index (pa.s), and 𝑛 the power-law index. The 

power-law equation relates shear rate and shear stress for a 

non-Newtonian fluid. In the case of 𝑛=1, the fluid is 

Newtonian; in the case of  𝑛>1, the fluid has a shear-

thickening behavior, and in the case of 𝑛<1, the fluid has a 

shear-thinning behavior. To determine 𝑛, one should fit the 

power-law model with the experimental data 

describing shear stress with respect to shear 

rate. The rheometer was used to simulate the 

printing process by performing the peak hold 

test on the AgNW-based ink, with 20% Ag 

nanostructure content. To do so, 𝑛 should be 

calculated by fitting the power-law equation 

(equation 5.4) with the experimental data. 

Figure 5.12 shows shear stress vs. shear rate 

for the experimental data (obtained by flow sweep test with the rheometer) and the fitted model. 

Figure 5.11: Schematic of the syringe 

and main tube in the 3D printer  

Figure 5.12: Shear stress vs. shear rate, and the fitted power-

law model for the tannic acid-synthesized AgNWs-based 

conductive ink (result obtained by the flow sweep test)   
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After calculating 𝑛, equation 5.3 was used to calculate the shear rate inside the main tube of the 

printer. With 𝑛 being equal to 0.58, the shear rate was 22.24 1/s inside the main tube. After the 

shear rate is calculated, the peak hold test can be performed using the calculated value. It was 

assumed that the printing process has already reached a steady state. It was also assumed that the 

shear rate within the nozzle and tube fittings can be neglected compared to the shear rate within 

the main tube. This assumption was made based on the fact that the time the ink is under shear 

stress inside the nozzle and tube fittings is a fraction of a second, and therefore negligible 

compared to 34.53 seconds in the main tube. Therefore, a consistent shear rate of 22.24 1/s was 

used for the high-shear rate step in the peak hold test, which lasted for 34.53 seconds. The low 

shear rate, simulating the ink at rest, was 

considered as 0.1 1/s. The first low-shear rate 

step lasted for 40 seconds and the second 

low-shear rate step lasted for 100 seconds. 

The test was done at room temperature as the 

printing process is also performed at room 

temperature. Figure 5.13 shows the peak 

hold test performed for AgNW-based 

conductive ink. As demonstrated, after 

undergoing stress at 22.24 1/s for 34.53 seconds, the ink follows smooth transition back to its 

original viscosity. The structure build-up model was used to fit the experimental data after high 

shear rate removal. The characteristic time for transition in this case was equal to 1.78 s, which is 

significantly lower compared to the one previously calculated for 20%-Ag nanostructure-content 

ink, undergoing 400 1/s shear rate. This suggests that the low shear rate of 22.24 1/s allows for a 

rapid and smooth transition during the ink printing process. 

  

Figure 5.13: Peak hold test for tannic acid-synthesized 

AgNWs-based conductive ink.  High shear rate= 22.24 1/s. 

Low shear rate= 0.1 1/s.  
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5.4. Conclusion 

This study investigated the rheological behavior of AgNW-based conductive ink for printing 

applications. The silver nanowires used as the conductive filler for conductive ink preparation 

were synthesized using an environmentally-friendly and sustainable process at room temperature, 

in which the yield of AgNWs was 90%. The rheological behavior of the conductive ink was 

investigated by performing rheological tests at different contents of silver nanostructures and 

temperatures. The conductive ink demonstrated a shear-thinning thixotropic behavior for all silver 

contents (2, 5, 10, and 20%), and all temperatures (25, 30, and 40 °C). Three general rheological 

tests were performed, namely, the flow sweep, frequency sweep, and peak hold tests. The flow 

sweep test showed the shear-thinning behavior of the ink, and the decline in viscosity for different 

shear rates. For higher silver contents, and for lower temperatures, the decline in viscosity was 

stronger. The frequency sweep test demonstrated the viscoelastic behavior of the ink and its 

overall resistance to deformation. The results showed that for higher silver content, both the 

storage and loss modulus of the material increases, accounting for higher resistance to 

deformation. Also, it was shown that the viscous response is more dominant compared to the 

elastic response, regardless of the silver content and temperature. However, the elastic response is 

stronger for higher silver content, and increases with respect to oscillation frequency. In addition, 

the viscous response for the ink at 25 °C was stronger at lower oscillation frequencies compared 

to ink at 30 and 40 °C. At higher oscillation frequencies, the elastic response was more dominant 

for the ink at 25 °C compared to 30 and 40 °C. The peak hold tests showed that the time for 

viscosity and shape retention after subjection to high shear rate (400 1/s) was longer for higher 

silver content and higher temperatures. Finally, the direct writing process using a laboratory-made 

printer was simulated by performing the peak hold test on the green and sustainably-produced 

AgNW-based ink. The ink showed a smooth transition to retain its structure after being subjected 

to the shear rate of 22.24 1/s during printing process. The characteristic time for transition was 
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significantly lower compared to that of ink subjected to significantly high shear rate of 400 1/s, 

suggesting that the direct writing procedure is more favorable to print ink at low colloidal content 

due to its lower shear rate, while screen printing is more favorable for printing high-content, and 

high-viscosity ink, due to its high shear rates. 
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CHAPTER VI 
 

 

CONCLUSION REMARKS AND FUTURE DIRECTIONS 

 

6.1. Conclusion remarks and summary 

In this dissertation, the green and sustainable synthesis of silver nanostructures, with the focus on 

silver nanowires (AgNWs) was investigated. In chapter II, the conventional physical and 

solution-based chemical methods for the synthesis of silver nanostructures and their advantages 

and disadvantages were initially reviewed. Afterward, the novel green and sustainable synthesis 

of silver nanostructures with different morphologies using biological reagents, bio-extracts, 

sugars, vitamins, viruses, and plant extracts were reviewed. Then the effect of various parameters 

such as pH, temperature, reducing and capping agent concentrations on the size and morphology 

of silver nanostructures and the growth of one-dimensional (1D) nanostructures was reviewed. 

The possibility of the one-dimensional growth of silver nanostructures using plant-based 

compounds was discussed. It was discussed how some of such compounds such as polyphenols 

can act as moderate reducing agents at room temperature, facilitating the growth of AgNWs, if 

the experimental conditions are met. It was then discussed how the utilization of green and 

sustainable compounds for the synthesis of silver nanowires can be economically and 

environmentally promising for transparent conductive film manufacturing.  
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In chapter III, a novel method for the green, sustainable, and room-temperature synthesis of 

AgNWs using tannic acid in a one-step, 4-hour batch process was proposed. It was shown how 

tannic acid can be used as both the reducing and capping agents to synthesize AgNWs with an 

approximate yield of 50% in a one-step process. It was then demonstrated how various 

parameters can be tuned to increase the yield of AgNWs. One of these parameters was light. The 

light wavelength absorbance of tannic acid was investigated and it was shown that tannic acid 

molecules can become excited due to the absorption of UV light, which can lead to an increased 

reduction rate. It was shown that a moderate light intensity of 90 LUX (from white fluorescent 

lamps) is necessary for the synthesis of AgNWs, while lower and higher light intensities can 

reduce the yield of AgNWs. Another parameter that was investigated was the concentration ratio 

of tannic acid to silver nitrate, which shall be kept at one to allow for a moderate reduction rate. 

Using two kinetic models, it was demonstrated that a moderate reduction rate was necessary for 

1D growth, which leads to nanowire formation. It was also shown that pH can significantly affect 

the reduction process, in the manner that higher pH leads to a higher reduction rate, and a lower 

yield of AgNWs. A pH of 4 was necessary for a more moderate reduction rate, which leads to 1D 

growth. Stirring rate, on the other hand, did not have a significant effect on the yield of AgNWs.  

In chapter IV, the continuous synthesis of AgNWs in a millifluidic reactor was investigated. It 

was demonstrated that the millifluidic reactor can be used as an improved tool for the synthesis of 

AgNWs with a higher yield compared to the batch process. It was discussed how enhanced mass 

and heat transfer in the millifluidic reactor allow for a more homogenous reaction and growth 

process, leading to a more uniform morphology and a higher yield of AgNWs. It was shown that 

the yield of AgNWs can be increased by 32% (from 50 to 82%) using the same conditions used in 

the batch reactor, except that the reaction had to be performed in the dark. The results showed 

that the millilfuidic reactor can synthesize AgNWs with a high yield at a lower time compared to 

that of the batch (96 minutes compared to 240 minutes), and that the reduction rate can be 
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increased in the millifluidic reactor without the need for an external light source. The effect of 

light exposure on the yield of AgNWs in the millilfuidic reactor was also investigated, and it was 

shown that increased exposure to white fluorescent light increases the reduction rate and reduces 

the yield of AgNWs. In addition, it was demonstrated that silicone oil is required as a secondary 

phase in the millifluidic reactor to prevent tube coating caused by particle deposition. Also, the 

use of triton X-100 was shown to be necessary to prevent the migration of formed nanostructures 

to the water-oil interface, which is a disruptive phenomenon. It was also illustrated how triton X-

100, tannic acid, and silver nitrate streams need to be introduced to the millifluidic reactor to 

maintain a uniform mixing process without disrupting the reduction of Ag+ ions. It was then 

demonstrated how different coil diameters in the case of helically-coiled millilfuidic reactor can 

affect the reduction rate and therefore the yield of AgNWs. The results showed that increased 

diameter can lead to a slower reduction rate, while decreased diameter can lead to an increased 

reduction rate. As discussed, the reason can be attributed to the rate of mixing when the coil 

diameter changes. 

In Chapter V, the utilization of AgNWS—synthesized by tannic acid—in conductive ink 

manufacturing, with the aim of printing, was investigated. It was initially demonstrated that 

AgNWs can be synthesized at a larger scale, using an improved batch process, compared to the 

one provided in chapter III. The measured yield of AgNWs stood at approximately 90%, 

facilitating their use for conductive ink preparation. The rheological properties of the silver 

nanostructure-based (~90% silver nanowires) conductive ink were investigated by performing 

flow sweep, frequency sweep, and peak hold tests by the rheometer. The flow sweep test 

performed for different silver nanostructure contents (at 25 °C) showed that the decrease in 

viscosity vs. shear rate is more rapid for higher silver nanostructure contents. Furthermore, the 

flow sweep test performed for different temperatures (at 20% silver nanostructures), showed that 

the decrease in viscosity is more rapid in the case of lower temperatures. The frequency sweep 
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test at different silver nanostructure content (at 25 °C) showed that higher contents will lead to a 

more elastic response by the ink at increased frequencies. The frequency sweep test for different 

temperatures (at 20% silver nanostructures) showed that a lower temperature leads to a more 

elastic response at increased frequencies, while the response for higher temperatures tends to be 

more viscous at increased frequencies. The peak hold test demonstrated that increasing the silver 

nanostructure content (at 25 °C) results in a longer transition time after the ink is subjected to a 

high shear rate. The peak hold test at different temperatures (at 20% silver nanostructures) 

showed that higher temperatures increase the transition time after the ink is subjected to high 

shear rate. To simulate the direct writing printing method, the peak hold test was carried out 

based on the shear rate inside the printing system. The peak hold test results showed that the 

transition time for recovery was significantly faster in the case of direct writing compared to that 

of screen printing (1.78 vs. 27.04 s), which leads to faster shape retention after printing.  

6.2. Perspective and future directions 

The synthesis of AgNWs using tannic acid, as athe green reducing/capping agents, can open up a 

new window of possibilities for the green and sustainable synthesis of AgNWs. Such possibilities 

can be satisfied by a wide selection of green and sustainable reducing/capping agents. The recent 

in-situ analytical techniques such as in-situ FTIR, in-situ UV-Vis, and in-situ TEM can provide a 

more detailed information from the reaction including but not limited to reduction, nucleation, 

and growth. The in-situ FTIR technique can provide minute-by-minute information about the 

functional groups involved in the reduction and stabilization process throughout the reaction. 

Similar responsible functional groups involved may also be found in a different “green and 

sustainable” compound, which can lead to similar reduction and stabilization processes. In situ 

UV-Vis can provide minute-by-minute information about the light absorbance behavior of 

nanostructures throughout the reaction caused by their surface plasmon resonance behavior. For 

instance, in-situ UV-Vis spectra can provide insight regarding how an absorbance peak can 
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develop during the course of a reaction, in which case the peaks correspond to a specific size and 

morphology of nanostructures. In situ TEM can provide momentary information on the growth of 

nanostructures where one can see the growth of a certain morphology throughout the reaction. 

Combining this information allows the identification of different reaction steps and how one step 

develops to a different one (i.e. from reduction to nucleation, and nucleation to growth). In 

addition, such information can be used to alter the parameters in a manner that allows for a 

desired control over the size and morphology of nanostructures, and the yield of AgNWs in the 

case of AgNW synthesis. Furthermore, artificial neural networks can serve as a strong tool to 

optimize the synthesis of silver nanostructures with desired yield (i.e. AgNWs). This can be 

carried out by the data obtained from various characterization techniques such as FTIR, SEM, 

TEM, and UV-Vis. A prominent advantage of this tool is saving time and material in the testing 

process, thus facilitating process development. An advantageous aspect of green and sustainably-

synthesized AgNWs is their high-scale production capability and economical feasibility. Based 

on our calculations, silver nanowires synthesized by our developed tannic acid-based synthesis 

process cost less than those synthesized in an average batch polyol process. On average, the 

production cost for each gram of AgNWs synthesized by an average batch polyol process471 is 

approximately 29.34 $, while this production cost is reduced to ~21.16 $/g silver nanowires in the 

case of our tannic acid-based synthesis process, pointing to a 28% reduction in production costs 

(material and utility usage costs). In addition, waste removal would be much easier and more 

inexpensive in the case of tannic acid-based synthesis, and environmental regulations can be 

easily met. This is an important aspect for industrial manufacturing, and can finally contribute to 

the production of high-quality AgNW-based transparent conductive films.  
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Figure A.1: Different modes of flow in two-phase continuous flows. 

Created with BioRender.com. 

http://www.biorender.com/
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Figure A.2: SEM image of the surface of a dissected part of the 

PTFE tubing in the case of air as the secondary phase. 

Figure A.3: The elemental map collected by EDX 

analysis of the same sample in figure A.2 in which air 

was used as the secondary phase. 
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Figure A.4: The SEM image of the surface of a dissected 

part of the PTFE tubing in the case of silicone oil as the 

secondary phase 

Figure A.5: The elemental map collected by EDX 

analysis of the same sample in figure A.4 in which 

silicone oil was used as the secondary phase 
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Figure A.6: Adsorption of nanostructures to the water-

oil interface in the absence of triton X-100. 

Figure A.7: Prevention of the adsorption of 

nanostructures to the water-oil interface in the 

presence of triton X-100. 
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Figure A.8: A schematic of the synthesis of silver nanostructures through the millifluidic reactor in the absence 

and presence of triton X-100. Created with BioRender.com. 

http://www.biorender.com/
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Figure A.9: SEM images of silver nanostructures synthesized at different illumination or different 

exposure residence times (ERTs): A) 0 min, B) 11.9 min, C) 23.8 min, D) 35.7 min, E) 47.6 min, and F) 

96 min. 
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Model Lorentz 

Equation 
𝑦 = 𝑦0 + (

2𝐴

𝜋
)

𝑤

(4(𝑥 − 𝑥𝑐)2 + 𝑤2)
 

Plot Peak1(Absorbance) Peak2(Absorbance) Peak3(Absorbance) 

𝑦0 0.47978 ± 2.08107×10-4 0.47978 ± 2.08107×10-4 0.47978 ± 2.08107×10-4 

𝑥𝑐 450.6996 ± 0.46001 392.01906 ± 0.20819 325.05167 ± 0.08803 

𝑤 241.16194 ± 0.74797 59.0227 ± 1.93455 20.17493 ± 0.16227 

𝐴 77.01164 ± 0.49776 2.7732 ± 0.17695 -5.66678 ± 0.06755 

Reduced 

Chi-Sqr 
3.14×10-6 

R-Square 

(COD) 0.99935 

Adj. R-

Square 0.99935 

Table A.1: Parameters of the peak separation model determined by curve fitting. 
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