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Abstract: SUSTAINABLE, GREEN, AND CONTINUOUS SYNTHESIS AND 

CHARACTERIZATION OF PALLADIUM NANORODS 

 

Pd nanorods have demonstrated many useful applications in multiple fields of science 

and engineering1. This has encouraged further investigation into Pd nanorod synthesis in 

recent years. Current methods of metal nanostructure synthesis are not environmentally 

friendly or sustainable due to the use of harmful chemicals such as ethylene glycol and 

energy intensive reactions2. This study examines two possible green alternatives for Pd 

nanorod synthesis that includes the use of both green reducing agents and solvents, or 

application of rod-shape virus-like-particles (VLPs) as biotemplate. A literature review 

on Pd nanorod synthesis using aforementioned sustainable methods as well as its 

application in different fields was conducted. 

For first approach, different reducing agents were tried, and ascorbic acid was chosen for 

further study as a suitable reducing agent for sustainable synthesis of Pd nanorods by 

reducing a Pd precursor salt. Continuous-flow millifluidic reactors were employed to 

enhance yield of synthesized Pd nanorods with better size and morphology control. 

Compartmentalized flow of the reaction solution was achieved by conducting experiment 

at boiling point of aqueous solvent that led to uniform liquid plugs of the solution being 

transported by vaporized solvent and contributed to enhanced Pd nanostructure synthesis 

via better heat transfer and reactant mixing3. Parametric study examined the effect of 

different factors such as reactant concentrations on size and morphology of synthesized 

Pd nanorods using Transmission Electron Microscopy (TEM). A kinetic study was 

performed to examine correlation of reduction rate to the formation of desired seeds, and 

its effect on the yield of Pd nanorods using Ultraviolet-Visible (UV-Vis) spectroscopy. 

For second approach, Tobacco Mosaic Virus (TMV) VLPs were used as a rod-shape viral 

biotemplate for palladium nanorod synthesis in an aqueous solution without addition of 

external reducing agent. Functional groups present on TMV VLP capsid protein are 

capable of reducing Pd precursor salt to achieve a coating of mineralized Pd metal. TMV 

VLPs were obtained through expression in Escherichia coli (E-coli) bacterial medium. Pd 

mineralization on the outer-wall of capsid protein of TMV VLPs was attempted using 

batch synthesis method. 
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CHAPTER I 

INTRODUCTION 
 

 

Special Properties of Pd 

Pd (Palladium) is a noble metal with unique characteristics that allow its use for a wide range of 

modern applications. Pd is the forty-sixth element on the periodic table and is a d-block transition 

metal with a face centered cubic (fcc) crystal structure4. The unique electronic characteristics and 

crystal structure of Pd demonstrate several desirable properties such as electrical and thermal 

conductivity, catalytic behavior and paramagnetism. These properties make Pd useful as a 

catalyst, an important material in the manufacture of electronics, sensors, and data storage 

devices. Along with other transition metals, Pd has free electrons in the outer energy levels due to 

poor shielding by d-orbitals. The mobile electrons also result in better thermal conductivity in 

Pd5. Metallic Pd also demonstrates high affinity to adsorption of certain molecules such as 

hydrogen, which makes it useful for catalyzing certain types of reactions such as hydrogenation. 

These properties have been utilized in the modern world, with the most widespread application of 

Pd being automobile catalytic converters6. The characteristic capability of Pd to catalyze 

oxidation reactions is used in oxidizing pollutants such as carbon-monoxide and hydrocarbon 

gases. Pd is typically supported on substrates and alloyed with less expensive metals due to the 

extremely high price of Pd. The effort of using minimum possible amounts of Pd is also evident 
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in catalytic converters because it usually consists of a ceramic substrate coated with a Pd and Pt 

alloy. 

 

Pd Nanostructures 

 

Application of Pd nanostructures is a more effective approach to conserving the use of a highly 

priced precious metal such as Pd while exploiting the beneficial properties of the metal to a 

maximum. Nanostructures have high surface area to volume ratio because this value is inversely 

proportional to its characteristic dimension. For example, the surface to volume ratio of spherical 

structures is inversely proportional to their radius. The high surface to volume ratio of 

nanostructures maximize the metal surface exposed to the environment, therefore can be an 

alternative to using a substrate to support Pd. This would be useful for applications such as 

catalysis due to increased surface exposure resulting in more active sites being made available for 

reacting molecules to adsorb onto. The extremely miniscule scale of the nanostructures would 

also make them useful in the manufacture of more complex nanoscale devices such as 

nanoelectronics1. Pd nanostructures can also be synthesized in a wide range of shapes ranging 

from nanosphere and nanocube to nanorod and nanowire7. This is advantageous because each of 

these nanostructures would have their own characteristic application. 
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Pd Nanorods – A Novel Tool for the Future? 

Nanostructures having at least one dimension between 1 and 100 nm are defined as 1-dimensional 

(1D) nanostructures and include nanowires, nanotubes and nanorods. 1D nanostructures are 

categorized based on their aspect ratio. The aspect ratio is defined as the ratio between the length 

of a nanostructure to its width. There is no fixed rule to differentiate nanorods from nanowires; 

however, 1D structures with aspect ratios of less than 20 are considered to be nanorods, while 

nanostructures with greater aspect ratios are considered as nanowires8.  

Pd nanorods in particular have been utilized in several applications including catalysis9, sensors10 

11, and magnetic devices12. Pd nanorods have been used for catalytic applications involving 

reactions such as coupling reactions9, oxidation13, hydrogenation, and reduction reactions14. The 

highly uniform surfaces of Pd nanorods were found to be very conducive to catalytic activity 

because it promotes easier alignment of reacting molecules on the active sites of the metal. Pd 

nanorods were found to be more efficient, and demonstrated high levels of recyclability  and 

catalysis compared to others types of nanostructures such as branched nanocrystals9. Pd nanorods 

have also been integrated into sensors in many studies by exploiting their aforementioned 

catalytic behavior. The sensors were manufactured by incorporating Pd nanorods onto the surface 

of the sensor. The compound to be detected will be a molecule that would undergo a specific 

reaction such as oxidation under the catalytic action of Pd. This chemical conversion would 

generate an electrochemical change that would be measured and used to determine its 

concentration. Based on the changes in the current with variation in applied potential, the identity 

of the compound could also be recognized15. The characteristic shape of Pd nanorods also gives it 

special magnetic properties absent in other Pd nanostructures. Based on the results from 

superconducting quantum interference device (SQUID) magnetometry, Pd nanorods 

demonstrated supermagnetic and superparamagnetic behavior, which unfolds opportunities for its 
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application in many novel areas of technology such as high-density energy storage and spintronic 

devices12. 

 

Conventional Methods for Pd Nanorod Synthesis and Their Drawbacks 

 

Pd nanostructures such as nanorods are predominantly synthesized in industry by the polyol 

method, typically in a batch process. Pd nanostructures are synthesized in polyol process by using 

polyols such as ethylene glycol16 or ethaloamine17 acting as both the solvent and reducing agent 

along with a metal precursor consisting of a Pd salt such as sodium tetrachloropalladate 

(Na2PdCl4
17) or palladium trifluoroacetate ((CF3COO)2Pd)16. Nanostructure growth needs to take 

place only along specific facets for the synthesis of characteristic nanostructures such as 1D 

nanostructures. Therefore, the other facets are capped by adding capping agents such as 

potassium bromide (KBr)16. The surfaces of the resulting nanostructures need to be stabilized to 

obtain high quality nanostructures, which require the addition of stabilizing agents such as 

poly(vinyl pyrrolidone) (PVP)18. Recently, there have been concerns about the use of polyol 

solvents due to their toxicity. For example, prolonged human exposure to ethanolamine could 

lead to liver damage and bronchitis19, while ingestion of diethylene glycol could lead to death20. 

The polyol process also takes place at relatively high temperatures, which make these reactions 

energy intensive and less sustainable.16 Current studies on synthesis of Pd nanorods mostly use 

batch reactions. Continuous flow reactors are a promising alternative to batch reactions due to 

several advantages. Continuous flow in the context of chemical reactions is the uninterrupted 

flow of a reaction solution through a channel such as tubing to facilitate reactant mixing and heat 

transfer in place of stirring present in a batch reactor. Continuous-flow synthesis has been used to 

optimize the synthesis of Pd nanostructures because they provide better control over the mixing 
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of reagents and enhance heat transfer compared to batch reactions21. Continuous flow reactors 

provide the additional benefits of being a safer alternative, with the ability to scale up reactions 

conveniently into industrial scale. Reactants present in a continuous flow reactor at any moment 

is lower than the amount present in a batch reactor that is processing the same total amount of 

solution; therefore, continuous flow reactors are a safer alternative when a dangerous reaction is 

taking place22. Millifluidic reactors have been used in studies over microfluidic reactors, due to 

the ease of building a millifluidic reactor with materials available in a laboratory21 23. Millifluidic 

reactors also process larger amounts of reagents in a given period compared to microfluidic 

reactors. This provides sufficient sample size for characterization and analysis which could pose a 

problem with smaller samples provided by microfluidic reactors. Continuous flow reactors are 

easier to be scaled up as this process is guided by simple correlations between the different 

variables effecting fluid mechanics of the reactor24. Continuous flow systems also demonstrate 

some drawbacks, such as the parabolic velocity profile during laminar flow. The drag of the 

liquid along the reactor walls lead to the formation of a parabolic velocity profile across the 

channel’s cross section3. This causes the solution closer to the walls to move slower compared to 

the solution at the center; therefore, achieving uneven reaction residence time. The reactors used 

in continuous flow synthesis are also likely to show irreversible fouling caused by the 

nanostructures attaching to inner walls of the reactor. This can cause the product quality to 

deteriorate, or result in the channel being clogged after repeated use25. 

The disadvantages of continuous-flow reactors can be avoided using compartmentalized flow of 

the reaction solution in the channel. This consists of the solution forming a train of individual 

segments such as droplets, plugs, or slugs immersed in another medium such as a gas or an 

immiscible liquid. The tiny volume of an individual liquid segment results in better heat transfer 

and reactant mixing compared to batch reactions; therefore, produces nanostructures of better 

quality and reproducibility3. The droplets and plugs ensure there is no contact between the reactor 
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walls and the reaction solution that results in uniform reaction residence times and prevents 

fouling. These novel millifluidic reactors are also more adaptable for in-situ and real-time 

characterization techniques such as fiber optic spectroscopic techniques, which can provide 

valuable knowledge and fundamental understanding regarding the synthesis process.24. 

Green Synthesis – A Better Alternative? 

More sustainable approaches to Pd nanostructure synthesis have been explored recently to avoid 

the negative externalities of the polyol process. This typically involves the use of aqueous 

solutions instead of glycol solvents and using alternative reducing agents. Lower temperatures are 

also preferable as this would make the reactions less energy intensive thus more sustainable. This 

study focuses on two different routes for the green synthesis of Pd nanorods. Application of green 

solvent and reducing agents and biotemplates are investigated as methods for improving Pd 

nanorod production with the purpose of making them environmentally friendly and economically 

feasible alternatives to currently available Pd nanorod synthesis processes. 

Conventional Pd nanorod synthesis is also greatly dependent on Batch reactions as the primary 

mode of Nanorod production. Continuous Flow reactions  are potentially superior to batch 

synthesis from an environmental standpoint, due to the increased safety that they afford and more 

efficient use of reactants and energy in the reaction relative to a batch reaction; thus, conserving 

natural resources22 24. The use of renewable materials like green reducing agents which are 

typically sourced from plant matter and viral biotemplates extracted from plants or expressed in 

bacterial media  can be considered to be sustainably sourced. Polyols such as ethylene glycol; 

however, are commonly synthesized from ethylene and other petroleum based non-renewable 

precursors26.     

 

Pd Nanorod Synthesis Using Green Solvent and Reducing Agents 
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Natural extracts are employed as reducing agents to further improve the sustainability of the Pd 

nanostructure synthesis process27 28. Batch reactions have been successfully used to synthesize Pd 

nanorods using a wide range of green reducing agents. For instance, various aqueous plant 

extracts, vitamins and sugars are able to reduce Pd ions in an aqueous solution resulting in 

nanostructures of various sizes and morphologies29. Many of these reactions are also feasible at 

lower temperatures relative to polyol process; therefore,  requiring less energy30. Pd nanorods 

have in the past, also been successfully synthesized in aqueous solution using green reducing 

agents such as ascorbic acid29 and riboflavin31. There has been a continued attempt to improve the 

yields of the nanorods being synthesized. The yield of nanorods is defined as the percentage of 

the synthesized nanorods with respect to all synthesized nanostructures. Continuous-flow 

reactors, segmented flow reactions, and reaction parameter optimization can be used to achieve 

this goal.  Such reactions could be an environmentally friendly alternative to the currently used 

polyol process at the industrial level. An investigation on the Pd nanorod synthesis via a kinetic 

study would better explain the reaction route and mechanism preferable to nanorod synthesis.   

 

Pd Nanorod Synthesis Using Viral Biotemplates 

 

Another alternative is to use a biotemplate to facilitate Pd mineralization32. This bypasses the 

requirement to add an external reducing agent and would be an environmentally friendly method 

because the biotemplates could be obtained from natural sources. Biotemplates suitable for the 

synthesis of nanoscale structures include microorganisms such as bacteria and viruses. Viruses 

are of particular interest due to many functional groups present on the surface of the capsid 

protein that reduce the Pd precursor resulting in metal deposition on virion’s surface. The various 
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characteristic shapes of these microorganisms may be used to synthesize Pd nanostructures of 

different shapes such as spherical shape of M13 bacteriophage virus and rod-like shape of 

Tobacco Mosaic Virus (TMV) and Barely Stripe Mosaic Virus (BSMV). It is resource and time 

extensive to extract these viruses from natural sources; because, this method needs to raise plants 

and animals that would be the hosts for these microorganisms. Virus-Like-Particles (VLPs) poses 

an easier and more efficient route to obtain viral biotemplates as they can be produced in a 

laboratory via expression in bacterial media such as Escherichia Coli (E-coli). 
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CHAPTER II                                                                                                           

REVIEW OF LITERATURE – PD NANOROD SYNTHESIS USING GREEN 

REDUCING AGENTS 

 

Green Reducing Agents 

 

There are several naturally occurring substances containing organic side chains that are capable 

of reducing metal ions found in Pd precursor to form Pd atoms and corresponding Pd 

nanostructures. This capability is due to the presence of functional groups such as carboxyl, 

hydroxyl, and carbonyl groups in the reducing agent molecules33. The most common side chains 

that are particularly rich in these components are polyol-like side chains, for example 

polysaccharides and terpenoids34. Other less complex side chains such as amides and amines are 

also capable of reducing Pd ions. In the case of amine, the presence of a nitrogen with an electron 

lone pair will facilitate this redox reaction28 35. Compounds with these side chains commonly 

occur in many plants. It is possible to obtain these chemicals from plant matter in the form of 

solvent extracts36, gums37, powders38, and acids39. Sometimes, individual chemical components 

such as vitamins31 can be separated from the natural extracts. These extracts may then be applied 

as reducing agents to synthesize Pd nanostructures. Most of these reagents are non-toxic and are 

even edible. The plants from which they originate can be commercially cultivated; therefore, are 

renewable source of reagents. Their widespread use would lead to safer and more sustainable 

synthesis of Pd nanostructures. 
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Types of Green Reducing Agents 

Aqueous Plant Extracts 

 

The various useful organic molecules present in plants capable of reducing Pd precursors can be 

conveniently obtained in a laboratory environment by various methods including dissolving 

finely powdered plant matter in water followed by filtration40, or the plant matter being boiled in 

water41. These aqueous extracts can then be used as reducing agents in the Pd nanostructure 

synthesis reactions. A wide range of different useful water-soluble molecules can be extracted in 

the form of aqueous extracts. These include polyphenols in myrobalan fruit42 and banana peels27, 

and amino acids in soybean leaves43. These molecules are especially rich in functional groups 

such as hydroxyl, carboxylic, amine, and carbonyl groups that donate electrons to the Pd cations 

present in the reaction solution; therefore, causing them to be reduced into metallic Pd. Many of 

these molecules also contain electron rich phenol rings that could act as electron donors to the 

reduction of Pd ions. In addition to being suitable reducing agents, these extracts may also 

contain certain molecules capable of acting as a stabilizer, which is an added benefit in Pd 

nanostructure synthesis. The most notable among them is cellulose which is very commonly 

present in various leaf extracts40 43. Cellulose is considered to be insoluble in water but in 

empirical tests, pure cellulose demonstrates some aqueous solubility; therefore, the compound 

will also be present in the extracts44. Cellulose as a polymer that takes part in polymer adsorption 

during the growth of metal nanostructures to facilitate the stabilization of various facets resulting 

in nanostructures with uniform surfaces45. This is quite similar to the stabilizing behavior of 

stabilizing polymers such as PVP. 
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Sugars 

 

Various sugars and sweeteners have demonstrated the ability to reduce metal ions including Pd 

and synthesize nanoparticles46 47. Sugars are readily available to be purchased at low prices, 

which is a cost-effective source of reactants for the synthesis of Pd nanostructures. As the 

materials are readily available and no further processing is required, like in the case of aqueous 

extracts, experiments could be setup with little effort. Sugar molecules contain electron donating 

functional groups that are capable of facilitating Pd ion reduction. For example, glucose and 

dextrose contain multiple hydroxyl groups and saccharine contains both sulfone and carbonyl 

groups47. Sugars also have the additional benefit of being soluble in aqueous solution; thus, not 

requiring any unsustainable solvents for the synthesis process.  

 

Types of Nanostructures Synthesized Using Green Reducing Agents and Solvents Nanoparticles 

 

Spherical nanostructures are the most commonly synthesized nanoparticles. This is due to the fact 

that no restriction in the growth of a specific facet of the Pd crystal is required therefore resulting 

in a spherical shape. This means there is no requirement for a capping agent. Agglomeration 

could be an issue in the synthesis of these nanostructures because this is encouraged by the 

Ostwald ripening that cause smaller nanoparticles to aggregate. This may be prevented by the use 

of either external surfactants. However, one advantage of using green reducing agents, like 

certain plant extracts, is the presence of compounds that both restrict the effect of Ostwald 

ripening and discourage agglomeration of nanoparticles42 48. Due to the spherical shape of the 

nanostructures, the main characteristic application observed in recent studies have been catalysis. 
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Very small uniform nanoparticles provide high surface to volume ratio; therefore, spherical Pd 

nanoparticles could be used as a catalyst to promote certain chemical reactions27 46. The high 

surface to volume ratio of such nanostructures provides maximum exposure of the antimicrobial 

metal surface to its environment. This can be advantageous in antibacterial applications as 

demonstrated by many studies49 50. 

 

1-Dimensional Nanostructures 

 

One-dimensional nanostructure includes nanowires, nanorods, nanotubes, and nanofibers. These 

nanostructures are fundamental for the production of nanoelectronics as they could be 

incorporated into the manufacture of nanoscale circuitry32. Capping agents such as KBr usually 

facilitate the synthesis of such nanostructures as they promote the growth of a single facet over 

the others; thus, resulting in a high aspect ratio of 1D nanostructures29. Alternative methods of 

nanostructure synthesis are also applicable for the production of these nanostructures but within 

the scope of green synthesis methods the most cited method is to use a biotemplate. Tobacco 

Mosaic Virus (TMV) and Barley Stripe Mosaic Virus (BSMV) have been used as biotemplates 

for the synthesis of Pd nanorods32 51. In this case, functional groups on the coat proteins (CPs) of 

these viruses would reduce the Pd ions in solution, and the mineralized metal would attach itself 

to the surface of the virion. Generally, the 1D nanostructures synthesized via green reducing 

agents and viral biotemplates have low aspect ratios when compared to more prevalent methods 

such as the polyol process. Future research in this field could attempt to achieve higher aspect 

ratios using green reducing agents29 30 52 . 
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Other Nanostructures 

 

In addition to nanoparticles and 1D nanostructures, a range of other structures have also been 

synthesized using green reducing agents. This includes nanoscale bipyramids52, nanoflowers53, 

nanobelts54, nanotrees54, nanoplates54, nanothetrahedrals55, and nanocubes29. Such a wide variety 

of nanostructures can be synthesized using natural extracts because they contain molecules that 

act as capping agents that promote or restrict the growth of specific facets that result in desired 

shapes54. Most of these studies concentrated on generic applications of these Pd nanostructures 

such as catalysis, with little focus on exploiting their characteristic shapes for specific 

applications. For example, the cubic shape of silver nanocubes  has been used to manufacture gas 

sensing patches56. The development of such niche applications for each of these Pd 

nanostructures may be the objective of future research initiatives. Further research can also be 

performed to recognize the specific compounds present in the natural extracts that act as the 

capping agents that facilitate the synthesis of specific types of nanostructures.   

 

Pd Nanorods Synthesized Using Green Reducing Agents and Solvents 

Pd nanorods have been synthesized using different green reducing agents in previous studies 

including ascorbic acid2, riboflavin7, and eugenol57. These reducing agents are sourced naturally 

without requiring any industrial reagents. Similar to other 1D structures, the synthesis of 

nanorods require the promotion of specific facets over the others; therefore, a capping agent such 

as KBr is typically employed for this purpose. Control over the rates of reduction is also an 

important fact as reduction rates which occur too rapidly, may cause most of the Pd precursor to 

be reduced by the time of facet growth, while slower reduction rates are unfavorable to the 
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formation of seed structures required in the early phase of nanorod development. Reaction 

parameters such as temperature and reagent concentrations will play a central role in controlling 

the reduction rates to maximize synthesis of Pd nanorods.  

The size and morphology of desired Pd nanostructures are strongly dependent on the formation, 

type, and structure of the initially formed seeds. During reduction and nucleation steps, Pd 

precursor is reduced to form metal atoms that will aggregate to form nuclei. When the size of 

nuclei is small, a twin defect (a single layer of atoms that mirror (111) plane) can be formed or 

removed from the nuclei based on free energy. After the nuclei have grown bigger than a specific 

size, the nuclei become single crystal, single twinned, or multiple twinned seed structures, which 

will subsequently grow into nanocubes, right bipyramids, and fivefold twinned nanorods, 

respectively as shown by Figure 1. Multiple twinned seeds can also not undergo any further 

growth and remain as multiple twinned particles (MTPs) structures by enabling {111} facets have 

more surface coverage at the lowest level of surface energy. Single-crystal seeds may also evolve 

into nanobars due to the effect of oxidative etching. Oxidative etching is when metal atoms are 

oxidized back into ions; therefore, oxidative etching is unfavorable to multiple twinned structure 

synthesis. Seed crystallinity and the ratio of {100} to {111} facet on its surface is important for 

synthesizing fivefold twinned nanorods. Production of twinned nanostructures depend on the rate 

of reduction. Theoretical studies have demonstrated that additional energy resulting from the 

twins can be remedied by increasing surface coverage of the {111} facet while the seeds are 

comparatively small. The low surface energy of {111} facet cannot compensate extra strain 

energy when the seeds are bigger; therefore, producing single-crystal cuboctahedrons as shown in 

Figure 158.  
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The type of nanostructures being synthesized is determined by whether the reaction is 

thermodynamically or kinetically controlled. Under very slow reduction rate, synthesis is 

kinetically controlled due to the very low concentration of Pd atoms aggregating to the seed 

structures with minimum surface energy favored by thermodynamics, which consequently results 

in the in formation of stacking fault in the seeds and formation of nanoplate-like structures. Under 

thermodynamic control synthesis, the synthesizing nanostructures attempt to minimize the total 

surface energy by favoring production of structures such as single-crystal and multiple twinned 

structures at the nucleation and seed formation phases. Reactions under thermodynamic control 

take place in relatively faster reaction rates. Among decahedrons and icosahedrons as 

intermediate products of multiple twinned seeds, decahedrons in particular are important for the 

synthesis of Pd nanorods because the capping of {100} facet of these structures result in internal 

Figure 1: Routes for synthesis of various Pd nanostructures. 

Xiong et al.58    
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strain in the lattice structure that leads to 1D growth in an effort to reduce the total surface 

energy. These structures ultimately grow into the desired pentagonal Pd nanorods. Based on the 

route of Pd nanostructure synthesis, the rate of reduction needs to be sufficiently quick to permit 

thermodynamic control while facilitating slow release of Pd atoms necessary for the nanorod 

growth59. 

In a thermodynamically controlled synthesis, single crystal and single twinned structures may 

also be formed but these structures do not contribute to the 1D Pd nanostructure synthesis, which 

means the multiple twinned structure production must be maximized. The ratio of single-crystal 

to multiple-twinned seeds can be further manipulated by introducing or preventing oxidative 

etching. Oxidative etching is primarily caused by both O2 and chloride ions, which means 

minimizing the presence of air in the reaction mixture will help maximize the synthesis of 

multiple twinned seeds and corresponding intermediate structures such as decahedrons29.       

 

 

Reaction Parameters Effect On Green Synthesis of Pd Nanorods  

Effect of pH Level 

 

The pH level of the solution effects the reduction of Pd precursor. At acidic pH levels (pH 3-4), 

Pd cannot be completely reduced to metallic Pd based on UV-vis data 60. Metal ion reduction 

occurs most efficiently at more neutral pH levels (pH 6-8) as UV-vis spectra from this range 

resulted in rapid disappearance of absorption peaks denoting Pd precursor. The absorbance at 425 

nm corresponds to the PdCl4
2-, which is the predominant species of Pd ion that is present in 

Na2PdCl4 solution. Alkaline conditions (pH 10) are also unfavorable towards the formation of Pd 
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nanoparticles, as Pd-hydro complexes are synthesized instead of metal nanoparticles. Neutral 

conditions also result in more stable Pd nanoparticles as demonstrated by Pd nanostructures 

synthesized at pH 6 being stable for over a year60. The pH level also affects the particle size of 

nanoparticles. More alkaline pH conditions resulted in larger Pd nanoparticles61. Larger 

nanostructures may be synthesized at pH levels greater than 5.  

 

Effect of Temperature 

 

Higher temperatures were observed to result in production of more Pd nanoparticles as  evidenced 

by the greater number of Pd nanostructures present in the images obtained from TEM 

microscopy. This can be attributed to the greater reduction rate resulting from the higher 

temperatures. No significant change in shapes of the nanoparticles were observed despite change 

in temperature. The greatest amounts of nanoparticles were synthesized at about 80 C, after 

which larger nanostructures could be achieved due to progression of Ostwald ripening60. Because 

of Ostwald ripening, fewer nanostructures are synthesized due to the larger dimensions of the 

nanostructures. Based on this observation, reactions at high temperatures could result in 1D 

nanostructure with a high aspect ratio facilitated by Ostwald ripening. The amount of 

nanoparticles synthesized also increase with more heat61. 
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Effect of Reagent Concentration 

 

Reagent concentration can affect sustainable synthesis of Pd nanoparticles in two ways, the 

increase in concentration of reducing agent, and the increase in precursor concentration. Higher 

concentration of Pd precursor resulted in smaller average Pd nanoparticles with more uniformity 

in size distribution62. The high concentration of Pd precursor resulted in higher rate of ion 

reduction. This results in disruption of Ostwald ripening process which is caused by different 

biological molecules that slow down nucleation through protective effects. Therefore, 

nanoparticle aggregation was avoided resulting in uniformly separated and well aligned 

nanoparticles. At lower Pd precursor concentrations, the reduction rate is slower; therefore, the 

Ostwald ripening occurs more freely. This caused smaller nanoparticles to aggregate with the 

larger more stable ones in an attempt to reduce the surface energy.  Detachment of surface atoms 

of the smaller particles also occurred. This results in bigger nanoparticles that are closer to the 

average size for the resulting nanoparticles, thus resulting in more uniform nanoparticles63 48. 

Greater concentrations of green reducing agents, while maintaining constant Pd precursor levels, 

resulted in greater amounts of Pd nanoparticles until the reducing agent molecules reached 

equilibrium with metal ions present and until all Pd precursor can be reduced into metallic Pd64. 

The efficiency of precursor reduction can be found by calculating the amount of reducing agent 

required to completely reduce a specific amount of metal precursor. This would be determined by 

the Pd precursor concentration present and the chemical formula of the redox (reduction-

oxidation) reaction. This can however, be complicated when multiple compounds acting as 

reducing agents are present.  This is common for many natural extracts used as reducing agents.  
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Effect of Surfactants and Stabilizers  

 

Surfactants and capping agents can be added to improve the Pd nanostructure synthesis process. 

Capping agents work by changing the order of free energies of different facets of the metal 

surface via chemical interactions. This can affect the relative growth rates of each facet and could 

result in distinct shapes as the final product. Bromide ions can be an effective capping agent for 

Pd, as they chemisorb themselves to the {100} facet of Pd nanocrystals and would result in 

nanocubes and nanobars29. Other capping agents can be employed and distinct synthesis of 

specific nanostructures based on the facet with which it interacts. For example, the hydroxyl 

groups of citric acid interacts with {111} Pd facet; thus, resulting in icosahedrons, octahedrons, 

and decahedrons29 39. Surfactants can also be added in the synthesis process to prevent the 

agglomeration of Pd nanoparticles. Similarly, the requirement to add a separate capping agent 

may be avoided, as some biological molecules present in green reducing agents could fulfill the 

same function65 42.  

 

Suitable Green Reducing Agent for 1D Pd Nanostructure Synthesis 

 

A suitable reducing agent has to be selected based on previous conducted studies that successfully 

synthesized Pd nanorods. Based on the literature review, riboflavin7, clove oil57, and ascorbic 

acid30 were reducing agents successfully used in the production of Pd nanorods. Riboflavin, 

commonly known as vitamin B2 can be extracted from many natural sources such as fruits, and is 

also available in its pure form as a food supplement and additive. Clove oil is an essential oil 

extracted from the Syzygium Aromaticum tree leaves and flower buds. Up to 90% of clove oil is 
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composed of eugenol that acts as a reducing agent. L-ascorbic acid commonly known as vitamin 

C is also widely available in many natural sources including citrus fruits. It is also available in the 

form of a supplement and as an additive in its pure form.  L -ascorbic acid reduces metal ions by 

being oxidized into dehydroascorbic acid thereby donating electrons for the reduction reaction.  

 

Segmented Flow Synthesis of Pd Nanorods 

 

Attempts at using continuous flow reactors to synthesize Pd nanostructures have used both 

synthetic reducing agents such as ethylene glycol, and sustainable reagents such as ascorbic acid. 

The use of segmented flow consisting of reaction solution droplets immersed in a carrier fluid is 

also common. Compartmentalized flow promotes better heat transfer and reagent mixing due to the 

internal convection in the liquid droplets. One such attempt involved using a microfluidic reactor 

to synthesize very uniform Pd nanocubes using a millifluidic reactor. The reaction mixture was in 

aqueous medium, but droplets of the mixture were carried by silicone oil66. The same concept has 

been repeated in millifluidic reactors with silicon oil as the carrier fluid to synthesize nanostructures 

of different metal types including Pd67. Cross-flow filtration devices have also been incorporated 

to these reactors to separate silicone oil from the aqueous suspension of synthesized palladium 

nanostructures68. Using a gas as the carrier fluid would be a very attractive alternative to an 

immiscible liquid carrier medium like silicone oil, because no oil-aqueous separation process is 

necessary. Air has been used as the carrier medium and also resulted in the synthesis despite the 

aspect ratio of the resulting nanorods being low. The experiment used ethylene glycol as  reducing 

agent and solvent69. Pd nanorods synthesized this way demonstrated catalytic behavior towards the 

hydrogenation of styrene to ethylbenzene23. None of the studies produced nanorods of high aspect 

ratio sustainably. Nanorods were either synthesized using a glycol, or other nanostructures such as 
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nanocubes were produced. The compartmentalized flow in a continuous flow reactor could be 

obtained more conveniently without the need to add a separate carrier liquid or gas. This involves 

implementing the experiment at boiling temperature in a millifluidic channel to generate liquid 

compartments. In this scenario, the solvent will partly vaporize and act as the carrier medium 

transporting the liquid segments in the reactor. A convenient, sustainable, and efficient approach 

to Pd nanorod synthesis is to use a millifluidic reactor at boiling temperature with ascorbic acid as 

the reducing agent in an aqueous solution.   

 

Applications of Pd Nanorods Synthesized Using Green Reducing Agents 

Catalysis 

 

Pd is widely used in industry as a catalyst in hydrogenation, hydrogenolysis, and coupling 

reactions. In order to increase the Pd surface area exposed to the reacting molecules while 

conserving the amount of valuable metal used, Pd is typically supported on another material, with 

carbon being the most common. At the nanoscale, the surface area to volume ratio is much higher 

than with larger structures; therefore, Pd nanoparticles are an alternative to Pd catalyst supported 

on carbon. The production of carbon supported Pd catalyst is not sustainable as it involves the use 

of highly toxic formaldehyde as a reducing agent for its synthesis70 71. Pd nanoparticles that 

demonstrate catalytic behavior and are synthesized using a green reducing agent may be a 

sustainable replacement for these conventional catalysts. Catalytic Pd nanoparticles synthesized 

via green reducing agents had a high degree of uniformity , and therefore, were very effective 

catalysts because the effectiveness factor of catalysts improve as size of particles become more 

uniform72 53. Another characteristic aspect of catalytic Pd nanoparticles synthesized by green 
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reducing agents is their high recyclability. The nanoparticles were collected at the end of each 

reaction cycle, and used again multiple times,  which makes them highly desirable as catalysts73.   

 

Sensors and Energy Storage 

 

Pd nanostructures synthesized using green reducing agents were found to have very high energy 

density74. This would make palladium nanoparticles an ideal material for manufacturing 

electrodes that store high amounts of energy and show interesting electrochemical properties. 

Energy storage devices that  can possibly be manufactured using such electrodes include 

symmetric super-capacitors and electrochemical sensors capable of recognizing compounds such 

as sodium lauryl sulfate (SLS) and Moxifloxacin Hydrochloride (MOXI)75. Green synthesized Pd 

nanowires have also been used to manufacture sensors76. Pd nanowires have highly specific 

surface areas, demonstrate catalytic behavior, and have been used to manufacture an 

immunosensor capable of detecting carcinoembryonic antigens. The Pd would catalyze a reaction 

between SLS and MOXI decorated on the surface of the nanowire in the presence of this antigen, 

resulting in the emission of electrochemiluminescence (ECL) signals77. The higher the 

concentration of the antigen, the greater the intensity of ECL.    

 

 

 

 

Antibacterial and Anticancer Activity 

https://www.sciencedirect.com/topics/chemistry/electrochemiluminescence
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Pd also demonstrates antibacterial and anticancer behavior78 49. This makes palladium a valuable 

material that can be used in medical applications to mitigate bacterial pathogens and cancer. The 

higher surface area to volume ratio of nanostructures would be beneficial in these applications 

because this causes more of the Pd surface area to be exposed to pathogens and cancer cells. Pd 

could also be easily introduced into the bodies of humans or animals in the form of 

nanostructures, for example through injection79. The use of green reducing agents has been 

studied as the most prominent sustainable route for the synthesis of Pd nanostructures with 

anticancer and antibacterial properties. Green reducing agents have been used to synthesize Pd 

nanostructures that show anticancer activity towards lung80, kidney81, ovarian82, and leukemia83 

cancer cells. Pd nanostructures have also been similarly synthesized to display antibacterial 

behavior towards the food contaminant E.Coli84 and urinary tract infectant E.faecalis85. A key 

advantage of using natural extracts as reducing agents to manufacture Pd nanoparticles for 

medical applications is that many of these reagents are edible; therefore, the presence of any 

unreacted reagent in the nanoparticles is safe. Conversely, the use of other reducing agents such 

as ethylene glycol is unfavorable, as some of them are toxic and harmful to human and animal 

health, which means the presence of such reagents even in trace quantities in Pd nanoparticles is 

dangerous.
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CHAPTER III 

REVIEW OF LITERATURE – PD NANOROD SYNTHESIS USING VIRAL 

BIOTEMPLATES 
 

Tobacco Mosaic Virus 

 

Tobacco Mosaic Virus (TMV) is a rod-shape virus with a length of 300 nm and a diameter of 18 

nm. The protein subunits are helical with 49 subunits in 3 turns of the helix. There are three 

nucleotides bound to each protein. These coat proteins are primarily alpha-helical with orientation 

perpendicular to the axis of the particle. In real TMV, the RNA is embedded deep in its structure, 

roughly at 4 nm of radius from the coat protein. The coat protein consists of about 2,130 

replicants of a protein with a molecular weight of 17,500 g/mol that are assembled like bricks in a 

chimney. Additionally, a secondary protein known as the Hystenine protein with a molecular 

weight of 26,500 g/mol is also present at a level of about one particle per virion86.  

 

Barely Stripe Mosaic Virus 

 

Barely Stripe Mosaic Virus (BSMV) consists of a protein helix roughly of 210 to 230 nm in 

length with 26 coat protein subunits per each turn and a pitch of about 25 nm87. The core of the 

coat protein structure consists of a hollow channel of between 3 and 4 nm in diameter. The RNA 

is placed at a radius of about 63 angstroms with each coat protein bound to 3 nucleotide residues. 

The BSMV coat proteins are very similar to those of TMV but they lack axial contacts (these are 

links between the coat proteins of the virion that are oriented axially) unlike TMV. Instead of 
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axial contacts BSMV has high radius lateral inter-subunit contacts. Two types of BSMV virions 

have been identified, which includes the narrow and wide varieties. The main difference between 

these two types are their diameters that are 21.6 and 22.4 nm, for narrow and wide respectively. 

The two varieties display 106 and 111 subunits per period in the helix for narrow and wide 

virions, respectively.  

The most significant difference between TMV and BSMV is that BSMV consists of three 

additional insertions, including one in the inner channel, a second protruding from hydrophobic 

core and the third at the N terminus, on top of the hydrophobic core. BSMV coat proteins have a 

literal distance of 7 angstroms each, causing the subunits to be more horizontal relative to TMV87. 

BSMV CP also has a higher degree of lability (likelihood of undergoing chemical change) 

compared to TMV CP therefore BSMV CP is less stable compared to TMV CP88.   

 

 Benefits of Virus Like Particles 

Rod-shape plant Virus Like Particle (VLP) structures with a hollow core open up the structure,  

making the inner walls of the protein complex available for modification89. The hollow space 

could also facilitate the transport of molecules for applications like drug delivery90. This feature 

encourages further investigation into the structure and behavior of these molecules. Viruses can 

be expressed in cell cultures while modifying the protein walls of the resulting VLPs, which 

allows the VLPs to self-replicate. TMV-VLPs can be made capable of self-replication despite the 

lack of the RNA backbone through mutations in repulsive carboxylate residues E50Q and D77N. 

This means unlike real viruses that are affected by the recombination and construct instability of 

the genome that can increase the time required for replication, VLPs expressed in cellular media 

such as E. coli, replicate in the absence of these issues, drastically shortening time for expression 

and assembly. In TMV-VLPs expression, particles can be produced in 48 hours when compared 
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to the typical three weeks of real virus production89. Facilities such as a greenhouse might be 

required to cultivate plants for the purpose of obtaining the living plant viruses. This needs 

additional effort and resources for the management of a greenhouse and cultivation of plants91. 

Obtaining real animal viruses can be even more complicated, as this would require raising 

animals and infecting them with viruses as a means of replicating them. This would also require 

additional expertise in animal husbandry and involve many moral and ethical issues92. However, 

these problems are avoidable if virion replication is done using VLP expression in cellular media.   

 

TMV and BSMV as Biotemplates for Pd Nanorod Synthesis 

 

Direct Deposition of Pd on Exterior Surface of TMV 

 

Certain metals such as palladium, silver, gold and platinum could be deposited on TMV more 

easily relative to other metals such as copper, cobalt, nickel and iron. This is due to the ability of 

these metal ions to form electrostatic bonds with the TMV coat proteins. Several studies have 

investigated the deposition of gold particles on the surface of TMV. This includes pH controlled 

electrostatic binding of gold nanoparticles using several Au precursors including potassium 

chloroaurate (KAuCl4) with citric acid93 and KAuCl4 in the presence of acetic acid and Sodium 

borohydride (NaBH4) as an external reducing agent to reduce the gold ions to gold atoms on the 

surface of TMV to obtain nanorods94.  

Thick-shelled silica-coated TMV has also been used for synthesis of silver, gold, palladium and 

platinum nanorods. Thick-shelled silica-coated TMV was initially prepared and incubated in 

mercaptopropyl trimethylsilane (MPS). The modified virus was centrifuged and resuspended in 
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(3-(N-morpholino) propanesulfonic acid) (C7H15NO4S) (MOPS) buffer. This mixture was then 

incubated with metal precursors such as silver perchlorate (AgClO4), hydrogen tetrachloroaurate 

(HAuCl4), potassium tetrachloroplatinate (K2PtCl4), and sodium tetrachloropalladate (Na2PdCl4),  

to synthesize corresponding metal nanorods95. Platinum, gold and silver nanorods could also be 

synthesized without silica modification on TMV96.  

Multiple layers of palladium were also deposited on to the surface of TMV via multiple 

mineralization cycles without any reducing agents, using sodium tetrachloro-palladate (II) 

(Na2PdCl4) as palladium precursor to deposit palladium on the TMV surface in deionized water 

for 30 minutes at 50C97 98. A two-step process is necessary for depositing metals that do not 

attach themselves readily to TMV coat proteins. This procedure requires a metal that attaches 

more readily to be first deposited on the TMV followed by electroless deposition of the other 

metals. Typically, the initial layer of metal deposition consists of palladium nanoparticles. The 

palladium nanoparticles deposited on the coat protein will act as catalytic sites for the formation 

of the copper, cobalt, nickel and iron coating99 100.  

 

Synthesis of 3nm Thin Pd Nanorods by Pd Deposition in TMV Viral Channel 

 

Metal nanoparticles can also be deposited in the central channel of TMV. The same techniques of 

directly decorating the TMV walls with electroless deposition can be used for metals such as 

palladium, silver, gold, and platinum, while an initial step of palladium mineralization is used for 

the deposition of nickel, iron, cobalt and copper. However, all comprehensive studies on this 

method of nanorods production have focused on the second group of metals. TMV was incubated 

with aqueous Na2PdCl4 solution, and an excess of sodium chloride to avoid palladium oxo- and 

hydroxo- complex formation.  The electroless solution also contained DMAB, triethanolamine, 
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and EDTA. DMAB reduced the Pd2+ ions in the viral channel to metallic palladium that could 

then act as a catalytic site for copper nanoparticle deposition. EDTA acted as the complexing 

agent and triethanolamine was used as a buffering agent. The buffering agent kept the pH level of 

the solution constant, therefore compensating for the loss of OH- ions caused by electroless metal 

deposition.  It was found that 40% to 50% of each TMV particle was metallized with copper101.  

Alloyed metal nanorods have also been produced by metal deposition in the viral channel. TMV 

was dialyzed against Millipore water and then incubated with aqueous Na2PdCl4 and an excess of 

NaCl. After centrifugation, the resulting precipitate was re-suspended in Millipore water. 

Electroless deposition of metals were prepared by DMAB, sodium succinate, and corresponding 

metal salts. Cobalt sulfate, iron (II) sulfate and nickel (II) acetate were used in this solution for 

the deposition of cobalt, iron and nickel, respectively. It was synthesized using CoFe, CoNi, 

FeNi, and CoFeNi nanorods102 103. 

 

BSMV as Biotemplates for Pd Nanorod Synthesis 

 

BSMV has been used less when compared to TMV for the production of metal nanorods. 

However, BSMV is a promising candidate as biotemplate for metal nanorods production. For the 

first time, Adigun et al. used BSMV as biotemplate for palladium mineralization. The process 

was carried out in a continuous stirred tank reactor (CSTR). 0.035 mg/ml BSMV and 0.75 mM 

Na2PdCl4 solutions were added to the reactor. The reaction was initiated and 400 microliter 

aliquots were collected periodically as the reaction proceeded. The samples were then filtered 

through Acrodisc syringe filters. However, the first palladium particles coating was found not to 

cover the entire virion even after twenty minutes of incubation. Therefore, the recovered virion-

palladium structures were washed and incubated multiple times with tetrachloropalladate. 
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Resulting nanorods were similar to those with palladium nanoparticles decorating the outer 

surface of TMV32.  

 

TMV and BSMV VLPs as Biotemplates for Pd Nanorod Synthesis 

 

Another development in using rod-shape viruses for the production of metal nanorods is the 

application of corresponding VLPs instead of living viruses. In the case of rod-shape viruses like 

TMV and BSMV, the VLP counterparts lack the genome; therefore, the central channels of the 

virions are empty. This can be a helpful feature if the central channel of the virion is used as a 

template for the production of nanorods. The lack of a genome would free up space for the metal 

atoms to deposit themselves without disruption. The coat proteins of these VLPs are identical to 

those of the real viruses, and metal particle deposition on their surfaces also takes place in a 

similar way. Wnek et al. tried this approach to produce gold nanorods. TMV-VLPs were 

expressed in E-Coli, harvested, and then subjected to ultrasonic lysis. The VLPs were purified by 

size exclusion chromatography. The TMV-VLPs were dialyzed in buffer solution and then 

incubated with chloroauric acid and hydroxylamine for the electroless deposition. There was no 

chemical reducing agent used in the experiments, instead the mixture was exposed to ultraviolet 

radiation for photoreduction. This would cause the gold ions deposited on the exterior surface of 

the TMV-VLPs to be reduced to metallic gold thus producing gold nanorods104. 

 

 

 



30 
 

Applications of Pd Nanorods Synthesized Using Viral Biotemplates  

Catalysis 

 

When more surface area of a catalyst is exposed to reactants, they are more efficient because 

more active sites are present for reacting molecules. A cheaper alternative to using large 

quantities of precious catalytic metal is for the catalyst to be deposited on an inexpensive inert 

substrate with a high surface area to volume ratio such as a biotemplate. Pd catalyst synthesized 

by assembling TMV1cys on a gold substrate with nanostar configuration resulted in an increase 

in reaction rate of 68% compared to commercial Pd/C catalyst of similar size.61 Catalysts 

synthesized by TMV biotemplates can be recycled over multiple cycles without a significant drop 

in efficiency4, 5, 61. The superior performance of catalyst mineralized on TMV is primarily due to 

two reasons. Palladium atoms mineralized on TMV are more uniform compared to conventional 

palladium catalysts supported on carbon substrates, therefore demonstrate better catalysis61, 62. 

The deposition of palladium on TMV surface also does not require external surfactants or capping 

agents, therefore active sites are not blocked unlike with conventionally synthesized Pd 

catalysts63. Removing these surfactants also contributes to increased cost of manufacturing the 

catalyst and the process could be incomplete. Biotemplated Pd catalyst shows better catalytic 

activity and is cost effective. 

 

Sensors 

 

Efficient sensors need to be highly selective, sensitive, and structurally stable over a wide array of 

background conditions. Selectivity for a molecule in mixed samples is obtained through viral 
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surfaces functionalized with metals, enzymes or other chemicals. For example, TMV coated with 

Pd can rapidly and reversibly detect hydrogen molecules at room temperature50. Gold‐coated 

nanorods also conjugate with folic acid by coupling agents that interact with the folate receptors 

on tumor cells. This could be used to effectively detect cancers 19. TMV was coated with biotin to 

allow binding of enzymes that facilitate detection of penicillin 64. Desirable properties like 

sensitivity and stability are resultant from the nature of viral biotemplates. High surface area to 

volume ratio of TMV result in more contact with the molecules being detected, therefore 

amplifying signal generation to improve device sensitivity65. The TMV structure is also very 

stable at high temperatures and over a bigger range of pH levels that they encounter during 

detection. Therefore, biosensors synthesized from TMV biotemplates are more durable and 

effective. 

 

Batteries 

 

TMV virions with metal coating can be vertically assembled on a gold substrate to form a 

nanoforest structure to generate currents. The vertical assembly of virions is possible due to 

introduction of a cysteine residue at amino terminus of coat protein to synthesize TMV1cys 3 6. 

Most cysteines in TMV are not able to bind into metal; however, the N‐terminal residue is open 

to vertical assembly of the virion on the gold substrate by covalent interactions between gold and 

the cysteine’s thiol group. Additionally, nickel or cobalt coating increases the active electrode 

surface area by about tenfold and electrode discharge capacity is doubled 3. TMV anodes with Pd, 

Ni or Si coatings in lithium ion batteries causes discharge capacity to rise by tenfold compared to 

graphite anodes6. TMV incorporated sodium‐ion batteries use TMV coated with carbon, tin or 

nickels as anodes to increase battery cycling lifespan with minimal reduction at charge capacities 
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over 150 charging cycles30.  TMV coated pattern with similar nanoforest structures have also 

shown to increase efficiency of micro‐supercapacitors that use electrode surface area to store 

charge.60 
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CHAPTER IV                                                                                                    

EXPERIMENTAL APPROACH – PD NANOROD SYNTHESIS USING GREEN 

REDUCING AGENTS 

 

 

Material 

 

Materials and reagents that were used in the experiments include L-ascorbic acid (Sigma Aldrich 

1002892452), Na2PdCl4 (Sigma Aldrich 1003067874), KBr (Sigma Aldrich 102252504), 

poly(vinyl pyrrolidone) (PVP) (Sigma Aldrich 102034133), Eugenol (Aldrich E51791-100G), 

Riboflavin (Sigma R9504-25G), Deionized Water (LabChem LC267505) and silicone oil (Fisher 

Chemical S159-500).  

 

 

Selecting A Suitable Green Reducing Agents                                                                                       

Synthesis 

 

Riboflavin, Clove oil, and L-ascorbic acid were tested to identify the reducing agent most 

promising for synthesizing Pd Nanorods. A batch reaction for each reducing agent was conducted 

and TEM images of the synthesized Pd nanostructures were used to choose the most suitable 

reducing agent for synthesizing Pd nanorods. 50 mg of riboflavin was dissolved in 20 ml of 

aqueous solvent and heated in a three-neck flask in a water bath at 50C with stirring. 2 ml of 
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aqueous 10 mM Na2PdCl4 was added to the riboflavin solution and allowed to react for 1 hour. 

Eugenol had to be diluted in ethanol at a ratio of 1:200 due to its insolubility in water. 30 ml of 

this solution was added to a three-neck flask in a water bath and allowed to heat at 70C with 

stirring. 5 ml of 0.2 mM aqueous Na2PdCl4 was added to the eugenol solution, and allowed to 

react for 30 minutes. Batch synthesis of Pd nanostructures using ascorbic acid is explained in the 

following section of this thesis, since ascorbic acid was the only reducing agent that successfully 

synthesized Pd nanorods among the three initially tested green reducing agents105.   

 

   Batch Synthesis of Pd Nanostructures Using L-Ascorbic Acid 

 

In Pd nanostructure synthesis using L-ascorbic acid as the reducing agent, Na2PdCl4 is used as Pd 

precursor, KBr as capping agent, and poly(vinyl pyrrolidone) (PVP) as the stabilizer. Two 

aqueous solutions were made. The first consisted of 31 mM of L-ascorbic acid and 87 mM of 

PVP. The other solution consisted of 17.4 mM Na2PdCl4 and 460 mM of KBr. A 35 ml three-

neck flask was used 

in a silicon oil bath 

seated on a hot 

plate with stirring 

at 150 rpm. The 

Na2PdCl4 and KBr 

solution was added 

first to the reaction 

vessel, followed 

immediately by the 

Figure 2: Batch reactor set-up for Pd nanostructure synthesis 

using L-ascorbic acid. 
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solution of PVP and L-ascorbic acid. 5 ml of each solution was used and the reaction was run at 

100C for 3 hours. Once the batch reactions were complete, the sample was cooled in an ice bath 

for a few minutes. A schematic of batch synthesis of Pd nanostructure using L-ascorbic acid is 

illustrated in Figure 2.   

 

 

Continuous - Flow Synthesis of Pd Nanostructures Using L-Ascorbic Acid 

Two aqueous solutions were made similar to batch synthesis. In continuous millifluidic synthesis, 

5 ml of each solution was pumped through a millifluidic reactor at a flow rate of 0.0067 ml/min 

using a syringe pump (Chemyx Fusion 200) to achieve a 3-hour residence time. The millifluidic 

reactor consisted of 4 ft long 1/16’’ ID polytetrafluoroethylene (PTFE) tubing which was placed 

in a silicone oil bath while its 

temperature was maintained at 

100 C. The boiling reaction 

solution flowed through the 

millifluidic tubing as 

segmented flow. Liquid 

segments consisting of reaction 

solution, were immersed in the 

steam generated by the boiling of the solvent water (which acts as the carrier fluid). The 

synthesized palladium nanostructures were collected into a falcon tube in an ice bath. A 

schematic of batch synthesis of Pd nanostructure using L-ascorbic acid is illustrated in Figure 3.  

 

 

Figure 3: Continuous millifluidic reactor set-up for Pd 

nanostructure synthesis using L-ascorbic acid. 
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Parametric Study of Segmented Flow of Pd Nanostructures Using L-Ascorbic Acid 

Reagent concentrations including Na2PdCl4, L-ascorbic acid, KBr, and PVP have a strong effect 

on size and morphology of the synthesized nanostructures as well as on the yield of 1D 

nanostructures (nanorods). Their effect on the yield and dimensions of synthesized nanorods can 

be studied by changing one reagent concentration while other parameters are kept the same. The 

millifluidic reaction was repeated while halving and doubling each reagent concentration each time 

to observe effects on the synthesized nanostructures. TEM imaging was used to find the percentage 

of Pd nanorods synthesized in each experiment and their average lengths. Based on these 

observations, new reaction parameters were determined to obtain high yields of nanorods. These 

parameters were used to study the reaction kinetics leading to nanorod synthesis in a continuous 

flow reactor. 

 

Kinetic Study of Segmented Flow of Pd Nanostructures Using L-Ascorbic Acid 

The kinetics study was done using millifluidic reactors with lengths of 1 feet, 2 feet, 3 feet, and 4 

feet to repeat the experiment at constant flow rate at 0.0067 ml/min. The resulting sample was 

collected into a falcon tube in an ice bath and centrifuged at 3000 rpm for 30 minutes. 

Afterwards, the supernatant was collected and characterized using ultraviolet-visible (UV-Vis) 

spectroscopy to determine the remaining concentration of PdCl4
2- ions present in reaction 

solution. The residue from the sample was further washed by multiple cycles of centrifugation 

and used for TEM imaging. The TEM images of produced nanostructures and UV-Vis 

characterization of the supernatant were analyzed to calculate reduction rate and understand the 

reaction mechanism. The reagent concentrations used in this experiment were 17.4 mM 

Na2PdCl4, 87 mM PVP, 12 mM L-ascorbic acid, and 750 mM KBr. These parameters were 

chosen to maximize the synthesis of nanorods based on observations from the experiments that 
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studied the effects of different reagent’s concentrations. All other reaction conditions including 

temperature and type of tubing remained the same as the original reaction. A calibration curve 

was used to convert the UV-Vis absorbance into of PdCl4
2- concentration values. The calibration 

curve was prepared using the data collected from performing UV-Vis spectroscopy on Na2PdCl4 

solutions with concentrations of 20mM, 10mM, 5mM and 2.5mM.  

 

 

 

Characterization Techniques 

 

TEM Characterization 

 

TEM imaging was performed using a Jeol JEM 2100 microscope on carbon coated copper grids 

at 200 kV. Samples were washed by 3 cycles of centrifugation, and a tiny drop of the sample was 

placed on the grid and allowed to dry. The grid was then loaded on to the instrument. The number 

of nanorods on the TEM images were counted and lengths measured using image-J software. 

 

 

 

UV-Vis Characterization 
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 UV-Vis characterization was conducted on samples using a Mettler Toledo UV 5 UV-Vis 

spectrophotometer. The samples for UV-Vis characterization were prepared by diluting 100 

microliters in 1.5 ml of deionized water which was then transferred to a plastic cuvette that was 

then capped. The Cuvette was placed in the instrument and the UV-Vis spectrum generated. The 

absorbance at 425 nm wavelength corresponds to the concentration of PdCl4
2- ions in the sample 

solution which were then measured for further kinetic studies. 
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CHAPTER V                                                                                                    

EXPERIMENTAL APPROACH – PD NANOROD SYNTHESIS USING VIRAL 

BIOTEMPLATES 

 

 

Material 

 

Materials and reagents used in the experiments include Na2PdCl4 (Sigma Aldrich 1003067874), 

Lennox Broth (LB) Agar (Fisher Bioreagents BP1427-500), ampicillin (Fisher Bioreagents 

A5354), chloramphenicol (Fisher Bioreagents R4408), IPTG (Gold Biotechnology I2481C), 

Lysonase (Millipore 71230), Deionized Water (LabChem LC267505), and Bug-buster (Millipore 

70584).  

 

TMV VLP Expression and Viral Purification 

 

BL21 competent E.coli cells transformed with TMV plasmid DNA with carboxylate residue 

modifications E50Q and D77N were readily available, but these cells demonstrated lack of 

resistance to the antibiotic chloramphenicol. This required plasmid DNA to be extracted from the 

available cells and used to transform BL21 codon plus competent E.coli cells that were resistant 

to chloramphenicol. The cells were plated on LB agar plates containing chloramphenicol and 

ampicillin, and incubated at 37 C. Bacterial colonies were observed on the plate the next day, 

and a single colony was picked up by a pipette tip to inoculate 3 ml of Lennox Broth (LB) agar 
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solution containing ampicillin and chloramphenicol which was left in a shaker overnight at 37 C. 

An aliquot from this solution was added to larger volume of media to expand the bacterial 

solution. This solution was also placed in the shaker overnight followed by its centrifugation at 

6,500 rpm for 5 minutes to obtain the residue of bacterial cells containing the virions. VLPs were 

obtained by performing viral purification on these cells. Bug buster, lysonase, and DTT 

(Dithiotreitol) were the reagents added to the residue procured from the centrifugation to facilitate 

viral purification, which was then ultracentrifugated at 44,000 rpm for 1 hour. The residue from 

the ultracentrifugated sample contain the VLPs, and was dissolved in 1M pH 7 phosphate buffer 

to obtain a solution of stable TMV VLPs that was stored at 4 C. An estimate of the TMV VLP 

concentration may be obtained using equation 1 below. The UV-Vis absorbance at the 

wavelengths of 280 nm and 260 nm were measured that correlate with the concentrations of 

proteins and nucleic acids, respectively. This calculation adjusts for possible nucleic acid 

contamination.   

Concentration (mg/ml) = (1.55*A280) – (0.76*A260) Equation 1  
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Batch Synthesis of Pd Nanostructures Using TMV VLP Biotemplates 

Two sets of baseline batch reaction conditions were used in the experiments involving both high 

and low concentrations of reagents while maintaining the ratio of Pd precursor to TMV VLP 

concentration of 6.7. At 0.5 mM of 

Na2PdCl4, 0.298 mg/ml of TMV VLP 

solution was used, while at 2 mM of 

Na2PdCl4, 0.304 mg/ml of TMV VLP 

concentration was employed. The Pd 

precursor solution was aqueous while 

the TMV VLPs were in a pH 7 

phosphate buffer. The experiments 

were performed in a three-neck flask while stirring in a water bath on a hotplate. The TMV VLP 

solution was added to the reaction vessel and allowed to be heated at the reaction temperature for 

about a minute followed by addition of Pd precursor solution. After 1 hour of reaction at 50C in 

the dark, the reaction solution was cooled in an ice bath, and washed with deionized water in 

three cycles of centrifugation in preparation for TEM imaging.  A schematic of batch reaction set-

up for Pd mineralization on TMV VLP surface is shown in Figure 4. The batch reaction was 

repeated with the In-Situ FTIR sensor probe to investigate the activity of the functional groups on 

TMV VLP capsid protein.  

 

 

 

 

Figure 4: Batch reactor set-up for Pd mineralization 

on TMV VLP biotemplate. 
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Characterization Techniques 

 

TEM imaging was performed using a Jeol JEM 2100 microscope on carbon coated copper grids 

at 200 kV. The samples were negative stained with uranyl acetate after being placed on the TEM 

grid.  Samples were washed by 3 cycles of centrifugation and a tiny drop of the sample was 

placed on the grid, and allowed to dry. The grid was then loaded on to the instrument. The length 

of VLPs on the TEM images were measured using image-J software.  
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CHAPTER VI 

RESULTS AND DISCUSSION – PD NANOROD SYNTHESIS USING GREEN 

REDUCING AGENTS 
 

 

 

    Selecting Reducing Agents 

 

 

Pd Nanostructure Synthesis Using Riboflavin as Reducing agent 

 

The experiments conducted in acetone and deionized water resulted in the synthesis of nanorods 

in the previous study. The experiment using 

aqueous solvent was chosen to be repeated, as 

acetone is not a sustainably sourced solvent7. 

The resulting SEM image from the experiment 

that used the aqueous solution is shown in 

Figure 5. No Pd nanorods were observed but 

heavily aggregated Pd nanoparticles were 

observed; therefore, the experiment was 

unsuccessful at synthesizing Pd nanorods. 

 

 

Figure 5: SEM image of Pd nanoparticles 

synthesized using riboflavin as a reducing 

agent. 
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Pd Nanostructure Synthesis Using Clove Oil as Reducing agent 

 

 

Eugenol as the main constituent compound of clove oil reduces Pd ions by donating electrons 

from the electron rich phenol ring of the 

molecule, resulting in the mineralization of Pd. 

During the reduction reaction, the eugenol 

molecule is oxidized causing the phenol ring to be 

a hexagonal ring with two double bonds and the 

hydroxyl group to become a carbonyl group. The 

experiment from Matheus et al. was repeated to 

attempt the synthesis of Pd nanostructures57. The 

SEM images of the resulting sample also showed 

the aggregation of Pd nanoparticles, and that no 

Pd nanorods were synthesized by the reaction.  

 

 Pd Nanostructure Synthesis in Batch and Millifluidic Reactors Using L-ascorbic Acid  

L -ascorbic acid reduces metal ions by being oxidized into dehydroascorbic, and donating 

electrons for the reduction reaction. This was the only reducing agent that successfully 

synthesized Pd nanorods among the three initially tested green reducing agents105. Based on 

Figure 7, both batch (Figure 7 (a)) and millifluidic (Figure 7 (a)) reactions resulted in the 

synthesis of nanocubes and pentagonal nanorods. The frequency of nanorod synthesis in the 

millifluidic reaction (Figure 7(b)) was greater, at over 12% of all synthesized structures, while the 

Figure 6: SEM image of Pd nanoparticles 

synthesized using eugenol as a reducing 

agent. 
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value was only 5% for the batch reaction. There was also more uniform distribution of nanorods 

in the millifluidic reaction compared to the batch sample, which had the 1D nanostructures 

clustered only around a few spots on the TEM grid. Higher aspect ratios were also observed in the 

pentagonal nanostructures synthesized by the millifluidic reactor. The lengths of the nanorods 

from the millifluidic and batch reactor averaged at about 100 nm and 60 nm, respectively. The 

greater occurrence of Pd nanorods in the millifluidic reactor could be due to the presence of air in 

the reaction mixture being minimized in the narrow millifluidic channel. The lack of air prevents 

oxidative etching, thereby resulting in the synthesis of more multiple-twinned structures such as 

decahedrons, the seed structures that eventually grow into Pd nanorods.  

 

 
(a) 31 mM of L-ascorbic acid, 87 mM of 

PVP, 17.4 mM of Na2PdCl4, and 460 

mM of KBr. 

 
(b) 31 mM of L-ascorbic acid, 87 mM of 

PVP, 17.4 mM of Na2PdCl4, and 460 mM of 

KBr. 

Figure 7: TEM images of synthesized Pd nanostructure in batch (a) and millifluidic (b) reactor.



46 
 

Parametric Study and Analysis 

Effect of Reducing Agent Concentration 

The change in the concentration of L-ascorbic acid as the reducing agent also has the potential to 

affect the size and morphology of the synthesized Pd nanostructures, as well as the yield of 

synthesized Pd nanorods. The reduction rate needs to be precisely controlled in order to ensure 

the reduction rate is fast enough for the production of twinned structures such as decahedrons in 

the nucleation process106. The reduction rate also needs to be sufficiently slow to permit the 

growth of these decahedron seeds into nanorods105. Based on Figure 8, doubling ascorbic acid 

concentration resulted in very few nanorods being synthesized. This could be due to the high 

reducing agent concentrations that lead to a faster reduction rate. This caused more of the Pd 

precursor to be reduced during the early phase of the reaction; therefore, less precursor is 

available during the nanorod growth. This would result in fewer nanorods being synthesized. A 

decreased reducing agent concentration would lower the reducing rate to a value more suitable for 

nanorod synthesis. Experiment with lowered ascorbic acid concentrations resulted in a greater 

percentage of nanorods, confirming this hypothesis as seen in figure 8. Empirically, seed 

crystalinity is a result of the reduction rate that influences the size of synthesized seeds. Fast 

reduction of Pd precursor to generate Pd atoms could lead to more single crystals due to their 

rapid size growth. When reduction is substantially slowed, the multiple-twinned seed sizes can be 

minimized for a longer time due to the slow atom addition. Multiple-twinned seeds are 

synthesized in high yields at slow reaction rates, but the reaction rate needs to be sufficiently fast 

to ensure thermodynamic control of the reaction. Ascorbic acid is an effective reducing agent for 

Pd nanorod synthesis due to its ability to maintain a balanced rate of reduction that maintains 

thermodynamic control while permitting Multiple-twinned seed synthesis. 
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Figure 8: Effect of L-ascorbic acid concentration (a) lower and (b) higher concentration of L-

ascorbic on the yield of 1D Pd nanostructures. 

 

 

Effect of Capping Agent Concentration 

 

The concentration of KBr was doubled (920 mM) and halved (230 mM) from the baseline 

reaction conditions. The lower concentration of KBr resulted in a lower occurrence of 1D 

nanostructures, as observed in Figure 9 (a). This demonstrates the capping action of Br- ions that 

chemisorb into the {100} facets of decahedrons’ seeds as they grow into nanorods107. A greater 

concentration of KBr would cause more Br- ions being available in the reaction solution causing 

the chemisorption to occur at a greater frequency. This would result in more decahedrons having 

their {100} facets passivated; thus, developing into pentagonal nanorods. More KBr also cause 

decahedrons to develop into longer nanorods. This could be due to the ligand exchange that 

occurs in the Na2PdCl4 and KBr solution, which results in the formation of PdBr4
2- ions that are 

more stable (about 104 times higher stability constant) than the PdCl4
2- 108. This causes the 

reduction rate to decrease substantially; therefore, providing more time for the growth of 

 
(a) 15.5 mM of L-ascorbic acid, 87 mM 

of PVP, 17.4 mM of Na2PdCl4, and 

460 mM of KBr. 

 
(b) 62 mM of L-ascorbic acid, 87 mM of 

PVP, 17.4 mM of Na2PdCl4, and 460 

mM of KBr. 
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nanorods resulting in longer structures59 52. When concentration was doubled to 920 mM, a 

further increase in the amount of the nanorods synthesized was not observed. Instead, a much 

lower percentage of nanorods were synthesized as seen in Figure 9 (b), and large uneven twinned 

structures are predominant. This could be due to an excess of Br – ions combined with high 

reaction temperature leading to oxidative etching of the seed decahedrons that prevent them from 

developing into nanorods, and alternatively grow into large uneven twinned structures109. 

 

(a) 31 mM of L-ascorbic acid, 87 mM of 

PVP, 17.4 mM of Na2PdCl4, and 230 

mM of KBr. 

 

(b) 31 mM of L-ascorbic acid, 87 mM of 

PVP, 17.4 mM of Na2PdCl4, and 920 

mM of KBr. 

Figure 9: Effect of KBr concentration (a) lower and (b) higher concentration of KBr on the yield 

of 1D Pd nanostructures. 

 

 

Effect of Stabilizing Agent Concentration 

 

The effect of PVP concentration was also studied by repeating the millifluidic reaction with 

doubled (174 mM) and halved (43.5 mM) concentrations from the baseline reaction parameters. 

Based on Figure 10 (a), decrease in PVP concentration resulted in lower occurrence of Pd nanorods 

and presence of structures that are visible to be enlarged uneven decahedrons. Based on this 
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observation, it may be hypothesized that PVP is required to stabilize the surface of decahedrons. 

Without the stabilizing effect of PVP, the decahedrons enlarge rapidly and unevenly110. These 

larger structures cannot be grown into nanorods through the capping action of Br– ions; therefore, 

only a few nanorods are successfully synthesized in the reaction. On the other hand, higher PVP 

concentration did not significantly change the results from the original reaction.  Therefore excess 

PVP beyond the amount required to control the size of the decahedrons did not affect the 

experiment’s outcome. This observation from Figure 10 (b) corroborates that unreacted surplus 

PVP in the reaction solution does not interact with the developing nanostructures once their 

surfaces stabilize. 

 
(a) 31 mM of L-ascorbic acid, 43.5 mM of 

PVP, 17.4 mM of Na2PdCl4, and 230 

mM KBr. 

 
(b) 31 mM of L-ascorbic acid, 174 mM 

of PVP, 17.4 mM of Na2PdCl4, and 

230 mM KBr. 

Figure 10: Effect of PVP concentration (a) lower and (b) higher concentration of PVP on the 

yield of 1D Pd nanostructures. 

 

 

Kinetic Study and Analysis 

 

This is an investigation on the kinetic parameters that include rate constant and activation energy 

that is derived from spectroscopy measurements, which can then be used to calculate initial rate 
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of reduction. Quantitatively, the initial rates of reduction required for Pd nanorod synthesis would 

be determined. Potentially, the initial reduction rate can be adjusted using reaction parameters 

such as temperature, and the reduction rate can be correlated with the concentration of multiple 

twinned seed and percentage of synthesized Pd nanorods. The concentrations of PdCl4
2− ions left 

in the reaction solution at different points of the length on the reactor that correlate with different 

points of times of the reaction was used to calculate the rate of reduction.  

A calibration curve was created by measuring UV-Vis absorbance at 425 nm for various 

concentrations of Na2PdCl4 as shown in Figure 11. PdCl4
2-

  ions have a characteristic absorbance 

peak at 425 nm111. The calibration curve can be used to generate a linear coloration that would be 

used to calculate the PdCl4
2-  ion concentration from the UV-Vis characterization of solutions, 

including those resulting from Pd nanorod synthesis reactions. This is useful in the kinetic study 

when determining the change in PdCl4
2-  ion concentration as the reaction proceeded. This would 

be necessary to establish a relationship between precursor concentration and time; therefore, 

determining the route of Pd nanorod synthesis, as well as the reduction rate by which the Pd 

precursor is reduced by L-ascorbic acid. Studies have been performed in the past with batch 

experiments112. This typically involved collecting samples of the reaction solution at different times 

as the reaction progressed, followed by a characterization technique such as UV-Vis spectroscopy 

to determine the metal ion concentration.  

This study attempted a new approach to kinetic study by applying the concept into the 

continuous-flow reactors. Instead of collecting samples periodically from a batch reaction, the 

experiment would be repeated in reactors of varying lengths. The reaction was performed in 

reactors with lengths of 1, 2, 3, and 4 feet. The UV-vis spectra for the resulting reaction solutions 

after separation of nanostructures that were synthesized from each reactor length is displayed in 

Figure 12. Characteristic absorbance peaks are seen at 425 nm to signify PdCl4
2- ions. 

Characteristic absorbance at 332 nm confirms the presence of PdBr4
2-; therefore, providing  
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evidence for the ligand exchange reaction taking place in the reaction solution113. Ligand 

exchange is demonstrated by Equation 4. Ascorbic acid as the reducing agent is assumed to be in 

great excess compared to metal precursor Na2PdCl4, and it can be assumed that the concentration 

of the reducing agent will remain almost constant during the reaction. This makes it possible to 

approximate the kinetics of the reaction as a pseudo-first-order reaction, and the rate law will be 

simplified to Equation 2, that can then be integrated into Equation 3. In equation 3, [PdCl4
2-]t is 

the precursor ion concentration at the time of measurement, and [PdCl4
2-]0 is precursor ion 

concentration at the beginning of the reaction. The time passed since the start of the reaction until 

time of the measurement is represented by t. The reaction constant that is to be determined is k.  

 

R = k[PdCl4
2-] Equation 2 

ln [PdCl4
2-]t = -kt + ln [PdCl4

2-]0   Equation 3 

                                     PdCl4
2- (aq) + 4Br- (aq)      PdBr4

2- (aq) + 4Cl- (aq) Equation 4 

 



52 
 

 

Figure 11: Calibration curve obtained by measuring absorbance at 425 nm wavelength of 20 mM, 

10 mM, 5 mM, and 2.5 mM concentration of aqueous Na2PdCl4 solutions. 

 

 

Figure 12: UV-Vis spectra of samples obtained from 1 foot, 2 feet, 3 feet, and 4 feet of 

millifluidic reactor lengths. 
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Based on Equation 1, natural log of PdCl4
2- ion concentration versus time graph needs to be 

constructed for the purpose of finding rate constant. The flow rate is constant for all different reactor 

lengths; therefore, length of reactor is directly proportional to time passed (residence time). For 

instance, the 2 feet reactor being half of the length of the full reactor; thus, corresponds to half the 

residence time. The residence time used in the reaction is 3 hours; therefore, the 2 feet reactor 

corresponds to 1.5 hours. The sample from each millifluidic reactor experiment was collected and 

after a single cycle of centrifugation, the supernatant was characterized using UV-Vis. The 

absorbance at 425 nm was converted to a PdCl4
2-  ion concentration using the equation from the 

calibration curve (Figure 11). These results are summarized in Table 1. 

 

 

Table 1: Absorbance at 425 nm, and corresponding PdCl4
2- concentration at different lengths of 

milllifluidic reactor.  

Time 

(sec) Length (feet) 

Absorbance at 425 

nm wavelength [PdCl4
2-] (mM)  ln ([PdCl4

2-]) 

0 0 0.41 17.40 2.86 

2700 1 0.32 13.55 2.61 

5400 2 0.28 11.76 2.46 

8100 3 0.24 10.22 2.32 

10800 4 0.20 8.37 2.12 
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Figure 13: Natural logarithm of PdCl4
2- concentration versus time at different lengths of 

millifluidic reactor. A straight line is obtained with a slope of -k. 

 

The data from Table 1 was used to plot Figure 13 to obtain straight line with slope of -k (rate 

constant of reaction). Based on obtained straight line, the rate constant of reaction is 6.5*10-5 s-1.   

The residue from each sample was washed using three cycles of centrifugation with deionized water 

in preparation for TEM. The TEM images at each length of the reactor demonstrated the nucleation 

phase of the reaction, followed by seed formation, and gradual growth of Pd nanorods. Figure 15 

displays the evolution of the Pd nanostructures as the reaction solution passes through the 4 feet 

reactor.  
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Figure 14: Evolution of Pd nanostructures as it flows through a specified length in the reactor. 

 

Based on Figure 14, TEM images at 1 feet intervals display a series of interesting structures that 

could be a product of the initial nucleation that occurs in the reaction mechanism. These structures 

are drastically different from the synthesized Pd nanostructures; therefore, it may be hypothesized 

that the reduction reaction occurring in the early phase of the experiment is different from the 

precursor reduction occurring during rest of the reaction. An investigation on the reaction prior to 

the 1 foot mark on the reactor would uncover the nature of this reduction reaction. A separate 

kinetic study at shorter intervals less than 1 foot was performed to find how the reduction rate 

during initial nucleation compared with the rest of the reaction. At very short lengths, it is 

challenging to perform a millifluidic experiment. To overcome this challenge, the residence time 

corresponding to these lengths was simulated by altering flow rates. An experiment was designed 

with a 1foot millifluidic reactor, and various flow rates simulated residence times corresponding to 

2 inches, 4 inches, 6, inches, 8 inches, 10 inches, and 12 inches. The PdCl4
2- ion concentration was 

determined using UV-Vis spectroscopy and the calibration curve. These results are summarized in 

Table 2. 

 



56 
 

Table 2: Absorbance at 425 nm, and corresponding PdCl4
2- concentration at different lengths of 

milllifluidic reactor before 1 feet mark. 

Time 

(sec) 

Length 

(inches) 

Flow Rate 

(ml/min) 

Absorbance at 

425nm 

Wavelength [PdCl4
2-] (mM) 

ln  

([PdCl4
2-]) 

2700 12 0.0067 0.32 13.55 2.61 

2250 10 0.0080 0.33 13.93 2.63 

1800 8 0.0101 0.35 15.09 2.71 

1350 6 0.0134 0.39 16.48 2.80 

900 4 0.0201 0.39 16.85 2.82 

450 2 0.0402 0.41 17.37 2.85 

0 0 0.0000 0.41 17.40 2.86 

 

 

  

y = -0.000103x + 2.895489

y = -0.000059x + 2.776583

0

0.5

1

1.5

2

2.5

3

3.5

0 2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0 1 0 0 0 0 1 2 0 0 0

ln
 (

P
d

C
l 4

2
-
C

o
n
ce

n
tr

at
io

n
)

Time (sec)

Fast Reduction Slow Reduction

Figure 15: Natural logarithm of PdCl4
2- concentration versus time at different lengths of millifluidic reactor at two 

different sections. 
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Figure 15 demonstrates how the reduction rate varies at each stage of the millifluidic reactor. The 

analysis compares the reduction during first 1 foot of the reactor with rest of the reaction. In the 

first 1 foot of the reaction (45 minutes residence time), the rate constant of reaction (k) is 1.03*10-

4 s-1 and 5.9*10-5 s-1 through the remainder of the reaction. This proves that reduction during initial 

stage of reaction is about 75% faster than during rest of the reaction. The slower reduction rate 

beyond 1 foot could be due to the increase in PdBr4
2- ions resulting from the ligand exchange 

reaction. Due to PdBr4
2- being more stable relative to PdCl4

2-, they are reduced more slowly, 

resulting in a lower rate constant. It could be hypothesized that the high temperature in the oil bath 

promotes ligand exchange reaction, therefore over time PdBr4
2- ions concentration rises, leading to 

slower reduction rates. The UV-Vis data from figure 12 also provides some evidence, because the 

absorbance at 332 nm representing PdBr4
2- slightly increases from the spectrum for the 1foot reactor 

to the 2 feet one. There is a decline in 332 nm absorbance after 2 feet, demonstrating the gradual 

reduction of PdBr4
2- ions.  
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CHAPTER VII 

RESULTS AND DISCUSSION – PD NANOROD SYNTHESIS USING VIRAL 

BIOTEMPLATES 

 

 

Expression of TMV VLPs 
 

 

TMV VLPs were expressed in E. Coli and stored in pH 7 phosphate buffer solution at 4 C. The 

expressed TMV VLPs were examined using TEM to assess their quality. The lengths of the 

resulting TMV VLPs were measured from the TEM images and found to have an average length 

of about 350 nm.  

 
 

 
 

Figure 16: TEM images of TMV VLPs expressed in E.coli to be used as biotemplates for Pd 

mineralization. 

 

 

Pd Nanorod Synthesis in a Batch Reactor at Baseline Conditions 

 

Two baseline reaction conditions for the batch reactions were used, with both high and 
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low reagent concentrations, as both reaction conditions have been used in previous 

studies114 115. The ratio of TMV VLP concentration to Na2PdCl4 was maintained at 6.7. 

Na2PdCl4 concentrations of 0.25 mM and 2 mM were used. The effect of pH levels was 

studied by repeating reactions while maintaining pH level at 5 and without pH control. 

Experiments were also repeated at both room temperature and 50 C to examine the 

effect of temperature on Pd mineralization. 

 

 
(a) 2 mM of Na2PdCl4 and 0.298 mg/ml 

TMV VLPs 

 
(b) 0.25 mM of Na2PdCl4 and 0.038 

mg/ml TMV VLPs 

Figure 17: Effect of (a) lower and (b) higher concentration of Na2PdCl4 and TMV VLPs on Pd 

mineralization on TMV VLPs.  

 
 

Pd mineralization was observed on the surface of the TMV VLP virions as shown in Figure 18. 

The level of metal mineralization in each case was similar, but heavier aggregation was observed 

in the high concentration experiment. The similar degree of Pd mineralization can be due to ratio 

of Pd precursor to VLPs being kept constant. Greater concentration of reagents also resulted in 

denser virion aggregation producing a net-like complex of aggregated VLPs. Neither of the two 

experiments resulted in the synthesis of individual non-aggregated Pd mineralized TMV VLPs 

that are the product desired from Pd mineralization on rod-like virions. 
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Parametric Study of Pd Mineralization on TMV VLPs 

 

Several parameters could affect Pd mineralization on TMV VLPs such as pH level, temperature 

and concentrations of Pd precursor and TMV VLPs. Each reaction parameter could be changed 

one at a time and the batch reaction could be carried out while keeping the other reaction 

conditions constant. The pH level could affect Pd deposition on the capsid protein of the virions 

because their isoelectric points determine the net charge on the external walls of the VLPs32. 

Generally, a pH of about 5 is preferable because it results in a net negative charge on the external 

walls of the virions, which is more conducive to Pd mineralization because metal ions are 

attracted to the negatively charged capsid protein walls. Temperature could potentially determine 

the level of Pd mineralization, because the rate of Pd ion reduction by the functional groups on 

the capsid protein surface could be affected by temperature. Higher temperatures could be 

hypothesized to result in higher rates of Pd precursor reduction, therefore facilitating high levels 

of metal mineralization. Pd mineralization on TMV virions have been observed even at low 

temperatures such as 4 C in previous studies115. The ratio of concentrations of the two reagents 

would also determine the degree and uniformity of Pd mineralization on reacting virions. Based 

on previous studies, a Pd precursor to TMV ratio of 6.7 resulted in the most uniform metal 

mineralization on the virions115 

 

 

Effect of pH Levels 

 

 

 

The isoelectric point of the virions are found to be below a pH of about 5; therefore, if the 

pH level is greater, the coat protein will have a net negative charge that is more 

conducive to Pd mineralization51. This is due to the negatively charged capsid protein 
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attracting the Pd cations, and its effect can be studied by repeating the baseline 

experiment with pH adjusted to be just above 5. The VLP solution used in the experiment 

is stored in pH 7 buffer solution; therefore, the baseline experiment is performed under 

neutral pH conditions as no acid or alkaline was added to adjust the pH level. By 

adjusting the pH level close to the isoelectric point, the effect of pH on Pd mineralization 

could be observed. 

 

 

 
(a) 2 mM of Na2PdCl4 and 0.298 mg/ml 

TMV VLPs, pH of 5-5.5.  

 
(b) 0.25 mM of Na2PdCl4 and 0.038 

mg/ml TMV VLPs pH of 5-5.5. 

Figure 18: Effect of pH control with (a) lower and (b) higher concentration of Na2PdCl4 and 

TMV VLPs on Pd mineralization on TMV VLPs. 

 

 

 
When the pH level was monitored by a pH meter and maintained between 5 and 5.5 by adding 

hydrochloric acid, the samples resulted in the TEM images shown in Figure 18. In the high 

reagent concentration condition that used 0.5 mM Na2PdCl4 with pH control, no Pd 

mineralization was observed. The experiment with 2 mM Na2PdCl4 concentration resulted in 

virions with Pd mineralized in the form of knobs. This type of mineralization is not desirable 

because it does not result in uniform coating of the virions. Non-uniform deposition of Pd can be 
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due to lack of uniformity in the charge present on the TMV VLP coat protein at pH levels close to 

the isoelectric point.  

  

 

Effect of Reagent Concentrations 

 

 

Change in the ratio of Pd precursor to TMV VLP concentration also resulted in variations 

in Pd mineralization on TMV VLPs. Halving and doubling the of Pd precursor to TMV 

VLP concentration ratio would help to observe the influence of reagent concentration on 

Pd mineralization. 

 

 
(a) 1 mM of Na2PdCl4 and 0.298 mg/ml 

TMV VLPs 

 
(b) 4 mM of Na2PdCl4 and 0.298 mg/ml 

TMV VLPs  

Figure 19: Effect of Na2PdCl4 to TMV VLPs ratio of (a) 3.35 and (b) 13.40. 

 

 
The ratio was doubled by doubling the concentration of Na2PdCl4, while the Pd precursor 

concentration was halved to get a lower precursor to virion concentration ratio. 0.298 mg/ml of 

TMV VLP concentration was used, as this was the parameter used in the baseline experiment 

with high concentration. Higher concentration of VLPs would make it more convenient to locate 

virions during TEM characterization. A Pd precursor to VLP ratio of 3.35 required 1 mM 
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Na2PdCl4 solution to be used, and at a 13.4 ratio 4 mM of Na2PdCl4 was used. Based on Figure 

19, at high Pd precursor to VLP ratio, some of the mineralized Pd clumped onto a part of the 

virion, while there was uniform Pd mineralization on the rest of the VLP similar to the 

mineralization in the baseline condition. At low concentration ratio, no significant mineralization 

on the surface of the VLPs were observed as evident in figure 15. Based on the results, a 

minimum Pd precursor concentration is necessary for the metal mineralization to occur. Beyond 

the baseline precursor to TMV ratio no improved mineralization takes place, instead excess 

precursor mineralizes into metal clumps. This may be due to some of the capsid protein’s amino 

acid residues (responsible for metal mineralization) being active at a given time51. Further 

investigation on capsid protein functional groups via a characterization technique such as FTIR 

would help understand the reduction of Pd ions on the virion surface.  
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CHAPTER VIII 

CONCLUSION AND FUTURE DIRECTION 

 

 

 

Pd Nanorod Synthesis Using Green Solvent and Reducing Agents 

 

 

 
Pd nanorods were successfully synthesized using L-ascorbic acid as a green reducing agent, PVP 

as stabilizer, and KBr as the capping agent. Other nanostructures such as nanocubes, nanobars, 

and multiple-twinned structures were also synthesized alongside Pd nanorods. Multiple-twinned 

structure decahedrons are the seeds that develop into five-fold Pd nanorods; therefore, their 

formation needs to be maximized. To produce more multiple-twinned seed structures, the 

synthesis process should be thermodynamically controlled that can be achieved by adjusting 

reduction rate. This relatively higher reduction rates are favorable for thermodynamically 

controlled process; however, extremely high reduction rate may also results in single crystal seed 

structures that are not desirable for 1D Pd nanorod synthesis. Results illustrated that L-ascorbic 

acid with relatively high reducing power alongside with Br- ions that would form complex, 

release Pd ions slowly, and consequently adjust the reducing power is favorable for controlling 

the type of initially formed seeds and corresponding synthesized Pd nanostructures. Restricting 

oxidative etching by minimizing presence of air in the reaction mixture through the use of a 

continuous-flow millifluidic reactor resulted in a greater proportion of twinned structures such as 

decahedrons during nucleation. These seeds would then undergo 1D growth in the presence of 

KBr that preferentially absorbs on {100} facet of the seeds and facilitates the longitudinal growth 

that resulted in more Pd nanorods being produced. The compartmentalized flow of the reaction 
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solution caused by the boiling point reaction temperature also improved the reaction through 

better mixing and heat transfer. 

In the parametric study, the effect of variation in reactant concentrations were studied. Higher 

ascorbic acid concentrations led to faster reduction rates; therefore, resulting in more multiple-

twinned structures being produced but the faster reduction prevented the slow release of Pd atoms 

resulting from the Pd salt reduction that is necessary for 1D growth; therefore, resulting in fewer 

nanorods. At lower reducing agent concentrations, the rate of reduction is too low for multiple-

twinned structure production that also resulted in fewer nanorods. High KBr concentrations led to 

more oxidative etching during nanorod growth and discouraging the synthesis of 1D 

nanostructures. At low KBr concentrations, there is relatively less ligand exchange taking place to 

form the relatively more stable PdBr4
2- ions; therefore, the reduction rate is too fast for 1D growth 

and resulted in fewer Pd nanorods. High stabilizer concentration resulted in no change from the 

baseline results that means excess PVP in the reaction solution has no effect on nanostructure 

synthesis. Low stabilizer concentration resulted in fewer nanorods due to lack of sufficient PVP 

present to stabilize the surface of decahedron seeds.  

The kinetic study discovered the reduction rate at which the Pd nanorods were synthesized and a 

separate kinetic study was also conducted on the first 1 foot of the millifluidic reactor to observe 

the early phase of the reaction. As expected, the initial reduction rate was about 75% faster 

compared to the rest of the reaction. The initially higher reduction rate contributes to greater 

multiple-twinned structure synthesis; therefore, more decahedron seeds will be available for 1D 

growth. The relatively slower reduction rate after 1 foot is helpful for Pd nanorod production 

because the slow release of Pd atoms from Na2PdCl4 reduction promotes facet growth. The 

lowering of reduction rates as time passes can be due to the formation of stable PdBr4
2- complex 

that slows down the reaction. 
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For future studies, further investigation on Pd nanorod synthesis using L-ascorbic acid needs to 

be conducted by performing the kinetic study at different reaction conditions. The effect of 

temperature on the reduction rate should be examined by performing the kinetic study at different 

temperatures. However, the compartmentalized plug flow observed at boiling point might not be 

possible at lower temperatures, and the effect of change in reaction temperature on reduction rates 

should be analyzed while paying attention to this fact. The change in concentration of reducing 

agent could also be altered in the kinetic study to understand how its concentration correlates with 

the rate of reduction and concentration of multiple twinned seeds. TEM characterization need to 

be employed to investigate how the type of seeds and their concentration and consequent size, 

structure, and morphology of the synthesized Pd nanorods correlate with the rate of reduction. 

The final goal should be finding the rate of reduction rates at which concentration of multiple 

twinned seeds and corresponding five-fold nanorod are maximized. 

The novel proposed multifluidic system is adaptable for in-situ monitoring characterizations. 

Novel in-situ characterization techniques are essential for reaction mechanism investigation to 

control the morphology of the synthesized 1D Pd nanostructures. In-situ X-ray absorption 

spectroscopy (XAS) is a versatile technique that provides an opportunity to investigate the 

reaction dynamic and mechanism of 1D Pd nanostructure growth in millifluidic reactor 

specifically during the nucleation and initial nuclei and seed formation to further control their 

morphology, size distribution, and crystal structures. The future study may focus to determine 

state of the palladium as it reduces, nucleates, and grow through the course of millifluidic 

synthesis by in-situ XAS studies at different positions of the millifluidic tubular reactor. 

Moreover, the Artificial Neural Network (ANN) tools may also be applied in millifluidic 

synthesis of Pd nanorod that would prime to save time and expenditure by predicting the 

reactions’ outcomes in which the most desirable nanomaterial size and morphology is achieved. 
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Finally, further investigating needs to be done for optimized large-scale industrial relevant 

production by either scaling up or numbering up of millifluidic reactors. 

 

Pd Nanorod Synthesis Using Viral Biotemplates 

 

 

 
The experiments demonstrated that TMV VLPs Pd mineralization on TMV VLPs was observed 

to be uniform under neutral pH, a Pd precursor to TMV VLPs concentration ratio of 6.7, and 50 

C in the dark as found in previous studies32. However, the virions aggregated into a net of 

virions. Variations in reaction parameters such as the pH level, the ratio of Pd precursor to TMV 

VLPs concentration ratio, and concentration of the reagents did not prevent aggregation. The high 

concentration reactions resulted in higher density of virions in the net of aggregated virions. 

Lowering of the pH levels resulted in the formation of Pd clumps on the VLP surface; thus, 

resulting in uneven coating of the virion. Increasing the ratio of Pd precursor to TMV VLPs 

concentration resulted in excess Pd mineralization, and reduction in the ratio also resulted in 

reduction in the Pd coating on the virions.  

 
For future study, additional approaches need to be used to improve Pd mineralization on TMV 

VLPs, and this includes the use of continuous-flow reactors. Continuous-flow reactors can be 

used to attain more control over the material transport of the reactants, thereby optimizing Pd 

mineralization on TMV VLP virions. A continuous-flow reactor may potentially prevent 

aggregation of virions during Pd mineralization. The reaction occurs in a small volume within 

millifluidic or microfluidic tubing relative to a batch reactor therefore the VLPs are less likely to 

aggregate. This could result in individual virions with Pd mineralized on them without 

aggregating into lumps. Better control over material transport of reactants available in continuous 

flow reactors may be utilized for better mixing of reactant; thereby, promoting more uniform Pd 
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deposition on the surface of the virions. Fewer cycles of coating might also be needed to produce 

fully coated virion nanorods due to improved coating of Pd on TMV VLPs via millifluidic 

reactors. The reaction conditions resulting in the most uniform Pd deposition on TMV VLPs with 

least amounts of aggregation in the batch experiments may be repeated in a continuous-flow 

reactor. A millifluidic reactor is more suitable than a microfluidic reactor for the experiment due 

to the ease of building a millifluidic reactor with the material available in a laboratory.  

The activity of the functional groups present on TMV VLP capsid protein during Pd 

mineralization will help to describe the mechanism of the Pd ion reduction and Pd nanoparticle 

formation on the surface of the virions. The vibrations of the capsid protein functional groups 

active in precursor reduction can be detected using Fourier-Transform Infrared (FTIR 

spectroscopy). An in-situ FTIR characterization of the reaction would help to identify the 

functional groups of amino acids on the surface of coat proteins involved in Pd ions reduction as 

a function of time. As the data is collected in real time, the different functional groups active at 

different stages of Pd mineralization can be recognized. Based on the findings from in-situ FTIR 

characterization, other amino acid residues apart from cysteine may be added as modifications to 

the virions to improve Pd mineralization. In-situ UV-vis analysis may also be used to find the 

reduction rate and rate constant at the beginning of the reaction to realize what is the range of 

reduction rate hypothetically depending on reaction parameters such as temperature, pH, and 

concentration ratio that maximize the smoothness and coverage of Pd on TMV VLP.  

Metallic nanomaterials are frequently sought out for nanoelectronics applications such as 

transparent conductive films (TCFs) and require high electrical conductivity to carry an electrical 

current. The mechanism of Pd deposition on template creates grain boundaries or an uneven 

surface that impedes electron/energy transport resulting in low electrical conductivities. Thermal 

annealing is a common metal processing technology to alter the material crystal structure, 

removing grain boundaries, and improving the material’s transport and physical properties. So, it 
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is essential to optimal annealing process to remove biotemplate and produce single crystal Pd 

nanorods. 
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