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Abstract 

Nanomaterials are defined as materials having at least one of their dimensions below 100 nm, 

and on nanoscale, many of the atoms are located on or one layer below the surface. 

Nanostructures form an interface which cannot be observed in the bulk or individual atoms, 

which provides new material properties to nanomaterials. Research on nanomaterials increased 

rapidly in recent years, and now it’s known that one can tune some of the material properties 

by changing the particle size and morphology. Assembly of nanostructures with pre-defined 

morphology and surface chemistry on solid substrates has been required for many different 

applications in optics, electronics, photovoltaics, biomedicine, and catalytic devices. Drop cast 

deposition, spin-coating, chemical assembly and electrophoretic deposition are few examples 

of nanostructure assembly methods. The aim of this project was to investigate the mechanisms 

of nanofluid fabrication and electrophoretic deposition (EPD) of gold nanoparticles (Au NPs) 

on a Silicon (Si) substrate under DC field. 

Sub-10 nm citrate-stabilized Au NPs have been synthesized by following a seeded-growth 

technique. The effect of particle size on optical properties of Au NPs is studied by using UV-

visible spectroscopy (UV-Vis). An EPD setup was built in order to deposit Au NPs on a Si 

substrate from an aqueous suspension. Important parameters of the EPD process was studied 

by using a more abundant material which was silicon carbide (SiC) NPs. Different electrode 

designs have been tested with DC-EPD by using SiC NPs. Coverage density and the quality of 

the SiC deposition were determined by SEM. From these experiments we have identified the 

working potential as 10-18V, and the separation distance between the electrodes as 1 cm.  

After the understanding of the important parameters in EPD process, EPD of Au NPs were 

performed, where the effect of the deposition time, particle size and concentration have been 

investigated. To demonstrate the decrease in NP concentration during EPD process, and surface 

coverage of the resultant films, UV-Vis and SEM analyses have been used respectively. Our 

findings show that behavior of metallic particles during EPD process cannot be explained by 

the well-known Hamaker’s equation, thus the mechanisms behind the EPD of ceramic NPs are 

different from that of metallic nanostructures. After all the EPD experiments, we observed Au 

deposition on both electrodes, although for each size of Au NPs zeta potential analysis showed 

that they are highly stable and negatively charged. We understood that the electric field during 

the EPD process, disturbed the surface functionality and partially removed the loosely bound 

citrate molecules on Au NPs, leading to positively charged NPs. As a result, the solution 

contained both negatively and positively charged entities, which migrated towards the 

oppositely charged electrodes. This complication can probably be overcome by stronger surface 

bound molecules that is more stable under applied field, and therefore will generate deposition 

in only one of the electrodes. Findings from this work will be helpful in designing better metallic 

NP platforms for an effective and reliable EPD process on Si substrate.  
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Sammanfattning 

Nanomaterial är material med åtminstone en dimension mindre än 100 nm och på nanoskala 

befinner sig de flesta atomer på eller ett lager under materialets yta. Nanomaterial utgör en 

gränskategori mellan bulkmaterial och individuella atomer och har egenskaper som skiljer sig 

från bulk- och atomnivå. Nanomaterialforskningen har snabbt ökat de senaste åren och det är 

påvisat att materialegenskaper kan styras genom ändring av storlek och partikelmorfologi. Fasta 

ytor belagda med nanostrukturer med specifik storlek och morfologi har efterfrågats för 

applikationer inom optik, elektronik, fotovoltaik, biomedicin och katalytiska ytor. Drop cast 

beläggning, spinbeläggning, ytfunktionalisering och elektroforetisk deponering (EPD) är 

exempel beläggningsmetoder som används med nanostrukturer. Syftet med detta projekt var att 

undersöka framställningsmetoder av nanofluider samt EPD av guldnanopartiklar på kiselytor 

(Si) under DC-fält.   

Citratstabiliserad guldnanopartiklar med diametrar mindre än 10 nm syntetiserades genom en 

sådd tillväxtsyntes. Effekten av partikelstorlek på guldnanopartiklarnas optiska egenskaper 

studerades med spektroskopi. En uppställning för EPD byggdes för att belägga 

guldnanopartiklar på Si substrat från en vattenbaserad suspension. Parametrar viktiga för EPD 

studerades genom användandet av lättillgängliga kiselkarbidnanopartiklar (SiC NPs). Olika 

elektroddesigner testades för DC-EPD med kiselkarbidnanopartiklar (SiC NPs). 

Ytbeläggningsdensitet och beläggningskvaliten av SiC nanopartiklarna studerades med 

svepelektronmikroskopi. Med dessa experiment identifierades potentialen till att vara 10-18 V 

och elektrodavstånden till 1 cm.  

Guldnanopartiklar EPD-beläggdes efter identifiering av de parametrar som är viktiga för 

processen, och effekten av tid, nanopartikelstorlek och koncentration undersöktes. För att 

demonstrera minskningen i patikelkoncentration under EPD-processen och yttäckningsgraden 

av de resulterande filmerna utfördes UV-Vis respektive SEM. De erhållna resultaten tyder på 

att EPD av metalliska nanopartiklar inte följer Hamaker-ekvationen och att EPD av keramiska 

nanopartiklar skiljer sig från metalliska. Efter EPD-experimenten observerades beläggning av 

guldnanopartiklar på båda elektroderna fastän zeta potentialmätningar av guldnanopartiklarna 

visade att de är stabila i suspension med negativ ytladdning. Dessa resultat visar att det 

elektriska fältet var starkt nog att störa och delvis avlägsna ytfunktionaliteten hos de 

citratbeläggda guldnanopartiklarna och istället resultera i positivt laddade guldnanopartiklar 

vilka migrerade mot elektroden med motsatt laddning. Denna komplikation kan med 

sannolikhet undvikas genom användandet av starkare bunden ytfunktionalisering på 

guldpartikelytan som är mer stabilt under ett elektriskt fält och vidare kommer resultera i 

deponering på en utav elektroderna. Upptäckterna från detta arbete kommer vara till nytta i 

framtagning av metalliska nanopartiklar vilka lämpar sig för en stabil EPD-process på Si-

substrat.  
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1. Introduction 
Properties of bulk materials have been studied for years by solid state physicists and material 

scientists and currently well understood, however research on nanomaterials increased rapidly 

in recent years since studies showed that material properties on this scale strongly depend on 

the size and morphology of the particles [1]. Nanomaterials are defined as materials having at 

least one of their dimensions below 100 nm. On the nanoscale, many of the atoms are located 

on the surface or one layer under the surface, and this kind of a structure forms an interface 

which cannot be observed in bulk or individual atoms [1]. These unique structures of 

nanomaterials lead to new material properties which cannot be observed in the bulk or 

individual atoms. Since the material properties depend on the sizes of these structures, not the 

nature of the material, one can obtain reliable and continuous change in intended property from 

a single material [1].   

1.1. Size and morphology dependent characteristics of  nanoparticles 

The fundamental goal of material science is to design and synthesize materials with desired 

morphology and size [2]. This is because new material properties emerge when the size and 

morphology of a material changes, especially when the size is reduced from bulk to nanometer 

range [3]. These new properties, such as optical, magnetic, electronic or structural properties, 

makes nanoparticles (NPs) highly popular in different research fields such as biomedicine, 

imaging, electronics and optics [2]–[5]. For example in biomedicine, nanoparticles are widely 

used in cellular imaging, molecular diagnostics, and targeted therapy [3].  

Plasmonic NPs distinguish themselves from other nanoplatforms due to their unique surface 

plasmon resonance (SPR) [3]. SPR is an optical phenomenon which is based on the interaction 

between an electromagnetic wave and electrons in the conduction band of a metal [6]. Under 

the influence of the electric field component of incident light, conduction electrons collectively 

oscillate around the particle surface, form a charge separation region with respect to the ionic 

lattice. A dipole oscillation towards the direction of the electric field occurs, and the amplitude 

of this oscillation reaches a maximum at a specific frequency, which is called surface plasmon 

resonance [3]. SPR band in visible region is much stronger in plasmonic NPs, especially in gold 

(Au) and silver (Ag), than the other metals [3]. SPR band intensity and wavelength depends on 

the particle size and morphology, and the dielectric constants of both the metal and the 

surrounding medium [1]. Studies show that for Au NPs, changes in morphology affects the 

plasmonic properties [1], [3], [7]–[9]. For nanorods and nanowires, plasmon band splits in two; 

longitudinal and transverse bands. The longitudinal band is a strong absorption band ranging 

from visible to near infrared region, which corresponds to electron oscillations along the long 

axis of nanorods [8]. By increasing the aspect ratio (AR, length/width) of nanorods, longitudinal 

band can be red shifted (Fig. 1). The transverse band is a weaker absorption band in the visible 

region which is not highly sensitive to the changes in aspect ratio. Au nanospheres and nanorods 

have characteristic transverse bands around 520 nm wavelength. By increasing the sizes of 

spherical Au NPs, one can red shifted the transverse band [10]. In this project we analyzed 

different sizes of spherical Au NPs to observe the changes in plasmonic properties.  
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Figure 1: Absorption spectrum of Au NPs with different sizes and morphologies (AR: aspect 

ratio) [1]. 

In general, SPR peak of NPs include both scattering and absorption components, however the 

mean free path in Au and Ag is around 50 nm which means that for the particles smaller than 

this, scattering from the bulk is not expected [1], [6]. Studies show that for a 20 nm Au NP, the 

total extinction is mostly contributed by absorption, while for sizes higher than 40 nm scattering 

starts to show up and for sizes around 80 nm both absorption and scattering contribute to 

extinction in a similar degree [3]. The ratio of the scattering to absorption increases dramatically 

for larger sizes which makes Au NPs one of the best choices for biomedical applications [3]. 

Larger particles are preferred for imaging applications, due to their higher scattering efficiency. 

Smaller particles are generally used for photothermal therapy applications since light is mainly 

adsorbed by the smaller particles and thus they can efficiently convert to heat for cell and tissue 

destruction [3]. NPs can be used to target tumor antigens (biomarkers) as well as tumor 

vasculatures with high affinity and specificity, when they are linked with tumor targeting 

ligands such as antibodies, peptides or small molecules [11]. Au NPs have been widely used in 

cancer research in recent years due to their facile synthesis and surface modification, strongly 

enhanced and controllable optical properties, and high biocompatibility [3].   

1.2. Synthesis of metallic nanoparticles  

Metallic nanoparticles can be synthesized by using solution based or gas (vapor)-phase 

methods. Gas-phase synthesis is a bottom-up method where multifunctional metallic or 

semiconductor NPs are formed from individual atoms or molecules [12]. In this type of 

synthesis methods first vapor of the material of interest is generated which is followed by the 

condensation of clusters and NPs from this vapor phase [13]. Vapor can be generated by 

different energy sources such as by using lasers or an electron beam [13]. Size of the resulting 

NPs can be controlled by changing the particle residence time, temperature of the vapor, 

precursor composition and pressure [13]. In these physical synthesis methods there are some 

limitations, such as: possible reactions between the metal vapor and oven materials, and 

inhomogeneous heating which affects the size distribution of the resulting particles [13]. 
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In the solution-based (chemical) methods, typically a metal precursor is reduced by the use of 

mild or strong reducing agents in aqueous solution, where surface capping/passivating 

molecules cover the particle surface, stabilizing their size and colloidal dispersion 

characteristics. In this project we used solution based methods to synthesize Au NPs. Many 

different chemical methods have been developed to synthesize Au NPs. One of the most popular 

method for the synthesis of spherical Au NPs is the single-phase aqueous reduction of 

tetrachloroauric acid (HAuCl4) which is initially developed by Turkevich et al. [14] in 1951. 

After Turkevich, many different groups developed new methods, the most popular ones are the 

phosphane-stabilized colloidal gold leaves synthesized by Schmid in 1989 [15], and thiol-

derivatised Au NP synthesis in a two-phase liquid-liquid system developed by Brust and 

Schiffrin in 1994 [16]. More recently, a physical method, called laser ablation synthesis in 

solution, is developed and has been used by many different groups [17]–[20].  

1.3. Formulation of nanofluids  

Nanofluids (NFs) are colloidal dispersions prepared by dispersing NPs in conventional liquids 

as the base liquid. There is a wide range of materials and base liquids that can be combined to 

fabricate NFs, which are generally selected based on the application area. For instance, for heat 

exchange applications most common base liquids are water, ethylene glycol or the mixtures of 

ethylene glycol and water, whereas materials include carbon based materials, such as carbon 

nanotubes, and graphene, ceramics, such as SiC, Al2O3, SiO2, CuO, and metallic NPs, such as 

copper (Cu), Au, Ag [21], [22]. There are two main methods to prepare NFs: one-step method 

where the NPs are directly formed in the base liquid, and the two-step method where NPs 

initially synthesized or acquired and then dispersed in the base liquid [22]. In this project, we 

have used both the methods; water-based NFs of SiC were prepared by using two-step method, 

using readily made SiC NPs, while aqueous based nanocolloids/NFs of Au NPs were prepared 

by using one-step method.  

1.4. Assembly of nanostructures 

Assembly of pre-made metallic, semiconductor or ceramic nanostructures, with certain 

morphology and surface chemistry, on solid surfaces has been investigated by many different 

areas of science and technology, due to their various applications of nanostructures in sensing, 

optical, electronic, photovoltaic, biomedical, and catalytic devices [23]. Drop cast deposition, 

spin-coating, chemical assembly and electrophoretic deposition are some examples of 

nanostructure assembly methods [23]. In this project we focused on electrophoretic assembly 

of Au NPs on Si substrate.  

1.5. Electrophoretic assembly 

Electrophoretic deposition (EPD) is a process in which charged colloidal particles, dispersed or 

suspended in a liquid medium, are migrated by an applied electric field in order to be adsorbed 

on a substrate [24]. There are two main steps in this process: electrophoresis and deposition. 

Electrophoresis is the migration of the charged particles towards an oppositely charged 

electrode under the influence of an electric field [25]. The second step of EPD is the deposition, 

which consists of the coagulation of particles to a dense matter. The first practical use of EPD 

was done in 1927 by Harsanyi, in order to deposit thoria and tungsten on a platinum cathode 
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which was used as an emitter for electron tube applications [26]. Theory behind the EPD 

process was first studied by Hamaker, he published a series of papers explaining the important 

parameters of EPD of colloidal particles in 1940 [27]–[29]. His research connected the 

deposition yield to electric field strength, electrophoretic mobility, the surface area of the 

electrode and the particle mass concentration, which is pioneered many others to investigate 

the parameters that can affect the EPD process. Ishihara et al. used the following equation, 

which is often termed as Hamaker equation, to calculate the weight of charged particles 

deposited per unit area of electrode (w): 

𝑤 =
2

3
 𝐶 𝜀0 𝜀𝑟 𝜁 

1

η
 
𝐸

𝐿
 𝑡 

where C is the particle concentration, Ɛ0 is the permittivity of vacuum, Ɛr is the relative 

permittivity of the solvent, 𝜁is the zeta potential of the particles, η is the viscosity of the solvent, 

E is the applied potential, L is the distance between the electrodes, and t is the deposition time 

[30], [31]. In an ideal EPD process, the weight of the deposited particles depends on the above 

parameters. However, when we fixed the particles, solvent, and EPD apparatus, then the Ɛr, 𝜁, 

η and L are constant, therefore w is a function of E, t and C, which means that the density or the 

thickness of the deposited film can be controlled by the particle concentration in the solution, 

applied voltage and deposition time. For the Au NP deposition, we kept applied voltage constant 

to be able to observe the effect of concentration and the deposition time.  

1.6. Objective of the thesis 

Aim of this thesis project was to understand the mechanisms of NF fabrication and EPD of 

nanostructures on Silicon substrate. In order to achieve this goal, we will design a setup for the 

EPD process, which will require electrode design, and demonstrate the feasibility of the EPD 

technique on ceramic nanoparticles, exemplified by SiC, and metallic nanoparticles as 

exemplified by Au. Ceramic and metallic nanoparticles will be characterized by using a wide 

library of analytical techniques for the proper design of the process and the resultant 

nanostructured films will be characterized mainly with the electron microscopy imaging to 

assess the packing density and quality of established films.  
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2. Materials and Methods 
 

2.1. Preparation of silicon carbide nanofluid 

2.1.1. Materials 

The SiC NF was prepared by using commercial β-SiC particles which was purchased from 

PlasmaChem GmbH (Germany). For the pH adjustment 25 % Ammonia solution was used 

which was purchased from Merck. 

2.1.2. Preparation of silicon carbide nanofluid 

For the preparation of 5 wt% SiC NF, β-SiC particles were dispersed in distilled water, and 

sonicated for 10 min. Then by using ammonia solution pH was adjusted to 8.5-9.0 and sonicated 

again for 15 min. Final volume of 5 wt% SiC NF was 400 ml, which had been used for extensive 

testing of the EPD setup and parameters.  

2.2. Seeded-growth synthesis of gold nanoparticles  

2.2.1. Materials 

In the synthesis of gold seeds, gold (III) chloride trihydrate (HAuCl4.3H2O, ≥99.9 % trace metal 

basis), sodium citrate tribasic dihydrate (C6H5Na3O7.2H2O, TSC, BioUltra, ≥99.5 %), 

potassium carbonate (K2CO3, MW 138, ACS, ISO reagent), and tannic acid (C76H52O46, TA, 

MW 1701, ACS reagent) were used as reagents. K2CO3 was purchased from Merck and all the 

other chemicals were from Sigma-Aldrich. HAuCl4 was the gold precursor, TSC and TA were 

the reducing agents, and K2CO3 used for the pH adjustments of the solution. Experimental setup 

consists of a hot plate, a glycerol bath, a thermocouple inside the glycerol bath, a two neck 

round flask (50 ml), two glass stoppers for the necks, several magnets for the stirring process, 

and one clean glass thermometer to measure the temperature of the gold solution inside the 

round flask (Fig. 2). All the glassware used in the synthesis, including the vials and caps for the 

stock solutions, were cleaned first with sodium hydroxide (NaOH) solution then with the aqua 

regia solution. After the acid and base wash, they were dried in the oven.  
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Figure 2: Experimental setup used for colloidal Au NP synthesis. 

2.2.2. Synthesis of gold seeds 

A freshly prepared 30 ml TSC (2.2 mM) solution containing 16.6 µl TA (2.5 mM) and 166.6 

µl K2CO3 (150 mM) was heated on a hot plate in a two-necked round bottom flask under 

vigorous stirring. Addition of K2CO3 was necessary to have a basic pH of the reducing solution 

since the addition of the precursor will decrease the pH dramatically. While waiting for the 

temperature to rise to 70 °C, pH of the solution was measured with pH paper which was around 

9.5 as expected. When the temperature reached to 70 °C, 83.4 µl HAuCl4 (50 mM) added to the 

solution which dropped the pH to 7.5-8.0. Reducing solution had a transparent color before the 

addition of the HAuCl4, and after the addition of precursor solution turned into black in less 

than 10 s, then to orange-red in following 1-2 min (Fig. 3). Color of the solution stabilized in 5 

min, but solution was kept at 70 °C for 5 more minutes to make sure that reaction of the gold 

precursor completed. At the end of 10 min reaction sample was collected and stored in the 

fridge to ensure the stability of the solution.  
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Figure 3: Color of the reducing solution before the addition of the HAuCl4 (a), 10 s after the 

addition (b), and 2 min after the addition (c). 

2.2.3. Seeded-growth synthesis of gold nanoparticles 

After the synthesis of Au seeds, growth solution had been prepared. 10 ml seed solution 

transferred into a two-necked round bottom flask and diluted with 10 ml TSC (2.2 mM). When 

the temperature of the solution reached to 70 °C, 45 µl HAuCl4 (50 mM) added, and after 10 

min 500 µl from the growth solution was taken for the analysis which is referred as the 1st 

growth solution in this report.  After the collection of the 1st sample, another 45 µl HAuCl4 (50 

mM) added to the growth solution which is referred as the 2nd growth solution. The 2nd growth 

reaction was stopped after 10 min and when the solutions were cooled down they were 

transferred into vials and kept in the fridge. During the growth process pH of the solution was 

measured with pH papers which was around 7.0-7.5. The two subsequent addition of Au 

precursor resulted in an immediate color change from red to purple for both 1st and 2nd growth 

solutions (Fig. 4-5). Color difference between the 1st and 2nd growth solution is serving as an 

evidence for the particle growth (Fig. 4-5).   

There are two other sets of Au NPs, which will be referred as 16 and 30 nm Au NPs in this 

report. These particles were used to see the effect of particle size on EPD process. They were 

also synthesized with the citrate reduction of HAuCl4, however for the synthesis of these NPs, 

only TSC was used as a reducing agent instead of using both TA and TSC. 16 nm particles were 

the citrate-stabilized Au seeds and 30 nm particles were the 3rd step of the seeded-growth 

process. The reason of using two reducing agents during the synthesis of sub-10nm particles 

was to obtain narrower size distribution of particles. 
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Figure 4: Growth solution before (left) and after (right) the 1st addition of HAuCl4. 

  

Figure 5: Growth solution before (left) and after (right) the 2nd addition of HAuCl4. 

2.3. Characterization methods 

2.3.1. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) based on the measurement of intensity fluctuations in the light 

scattered by a monochromatic source where these fluctuations are directly related to Brownian 

motion of the particles or molecules [32]. Brownian motion is the random movement of the 

particles in a suspension which is a result of thermally induced collisions between solvent 

molecules and the suspended particles. Brownian motion is inversely proportional to particle 

size; larger the particle slower the diffusion. Particle size analysis done by DLS provides the 

hydrodynamic diameter of the particles which is the size of the particle together with the 

electrical double layer around it (Fig. 6). DLS can be used to measure particle and molecule 

size from below a nanometer to several microns using dynamic light scattering, zeta potential 

and electrophoretic mobility using electrophoretic light scattering, and molecular weight using 

static light scattering. The first set of data you get from a DLS experiment is an intensity 

distribution of the particle sizes, which is calculated by measuring the scattering intensity of 

each particle family. For this reason, intensity distribution can be misleading since in the case 
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of a small amount of agglomeration in the solution would dominate the distribution. On the 

other hand, this type of distribution can be very useful to check the presence of large materials 

in the sample. The scattering intensity is proportional to the square of the molecular weight for 

biological and polymeric samples [33]. Another type of distribution data that we can get from 

a DLS measurement is the volume distribution which can be converted from intensity 

distribution by using Mie theory [33]. Volume distribution represents the relative proportion of 

multiple components in the specimen based on their mass or volume rather than their scattering 

intensity. There are four assumptions that must be accepted when transforming intensity data 

to volume/mass distribution: all particles are spherical, homogeneous, their optical properties 

are known, which are the real and the imaginary components of the refractive index and there 

is no error in the intensity distribution [33]. The third type of distribution data that can be 

obtained by using DLS is the number distribution which shows the number of particles in 

different size bins. In this project we used the volume distribution data for the analysis of Au 

NPs. 

DLS spectra acquired by using a Malvern Zetasizer Nano-ZS90 instrument operating with a 4 

mW 632.8 nm red laser. Malvern ZS90 instruments have optics with a fixed scattering detector 

angle of 90° for size measurements. Measurements were conducted in polystyrene cuvettes with 

1 cm path length. For this project DLS used for particle size and zeta potential analyses.  

 

Figure 6: The double layer model explains the distribution of ions around each colloidal 

particle [34]. 

2.3.2. Zeta potential 

Zeta potential is the electrical potential at the hydrodynamic plane of shear of a particle which 

depends on the particle surface and the dispersant. It can be affected by small changes in pH or 

ionic strength of the dispersant which is directly related to dispersion stability. The double layer 

model shows the ion distribution around each particle. In this model we can see two different 
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layers: Stern layer and the diffuse layer (Fig. 6). In the Stern layer ions are tightly bound to the 

particle and there is a dynamic equilibrium between the negative and positive ions in the diffuse 

layer. Particle interactions depend on the zeta potential and surface charge; therefore, zeta 

potential analysis is very important to understand the dispersion stability.  When particles have 

large negative or positive zeta potential they repel each other which makes the dispersion stable. 

The term isoelectric point (IEP) represents the specific pH value where the overall charge of 

the particle is zero and around this pH value, particles have low zeta potential which means that 

there is no force to prevent particles to come together and form agglomeration then precipitate.  

Zeta potential measurements for both SiC NF and Au NPs were conducted by using Malvern 

Zetasizer Nano-ZS90 instrument. Disposable capillary cell (DTS1070) cuvettes were used for 

every measurement (Fig. 7). This type of cuvettes contains two copper electrodes on the both 

sides of the cell which provide the electric field when the laser beam passes through. When an 

electric field is applied across the capillary cell, charged particles in the liquid medium are 

attracted towards the oppositely charged electrode. Particles move with a characteristic velocity 

under the electric field and this velocity depends on the field strength, dielectric constant and 

the viscosity of the liquid medium [35]. Electrophoretic velocity of individual ions can be found 

by using the following equation:  

𝑣𝑒𝑝 = 𝜇𝑒𝑝𝐸  

where vep is the electrophoretic velocity (µm/s), µep is electrophoretic mobility (µm/s)(cm/V) 

and E is the electric field (V/cm) [35]. Zeta potential can be calculated by using Smoluchowski 

equation: 

𝜁 =
3η𝜇𝑒𝑝

2𝜀𝑓(𝑘𝑎)
 

where 𝜁is the zeta potential (mV), η is the viscosity of the medium (kg/ms), µep is the 

electrophoretic mobility, Ɛ is the dielectric constant of the medium, f(ka) is the function of 

particle radius [35].   

 

Figure 7: Disposable capillary cell for zeta potential measurements [36]. 

2.3.3. UV-visible spectroscopy (UV-Vis) 

The ultraviolet (UV) and visible regions of the electromagnetic spectrum covers the wavelength 

range from 190 to 800 nm (Fig. 8). In some molecules and atoms, photons of UV and visible 
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light have enough energy to cause electronic transitions between the different energy levels 

[37]. When continuous radiation passes through the material, the electromagnetic radiation that 

is absorbed has an energy which is equal to the energy difference between excited and ground 

states [38]. The amount of light that is absorbed by the material is the difference between the 

incident radiation (I0) and the transmitted radiation (I). One can define the amount of light that 

is absorbed either in terms of transmittance (T) or absorbance (A) which can be calculated by: 

𝑇 =
𝐼

𝐼0
 and 𝐴 = −𝑙𝑜𝑔𝑇 

The Beer-Lambert law states that amount of light absorbed is proportional to the number of 

absorbing molecules through which the light passes [37]. The mathematical formulation of 

Beer-Lambert law is as follows: 

𝐴 = Ɛ𝑏𝑐 

where A is absorbance, Ɛ is the molar absorptivity (mol-1cm-1), b is the path length of the cuvette 

(cm) where the sample is contained during the analysis, and c is the concentration of the 

compound in the solution (mol/cm3) [37]. UV-Vis spectrum is generally recorded as a plot of 

absorbance versus wavelength. UV-Vis analysis can be used for different purposes such as the 

kinetics studies, spectrophotometric titrations, and plasmonic properties of particles. 

UV-vis spectra of Au seeds and 2nd growth Au NPs were acquired with Varian Cary 3 UV-

Visible Spectrophotometer by using 4 mL polystyrene cuvettes in the range from 375 to 700 

nm. Since the 1st growth solution had much lower final volume than the other samples, 1.5 mL 

quartz cuvettes were used for this analysis in the range from 400 to 700 nm. Total volume of 

the 1st growth solution was 500 µl, it was diluted with distilled water to 1.5 mL for the analysis. 

No dilution was necessary for the seed and 2nd growth solution. All the measurements 

performed at room temperature and distilled water was used as the blank sample. 

 

Figure 8: A portion of electromagnetic spectrum [38]. 

2.3.4. Fourier transform infrared spectroscopy (FT-IR) 

The Fourier transform infrared spectroscopy (FT-IR) is a type of vibrational spectroscopy 

which can be used to analyze the structure of molecules by examining the interaction between 
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electromagnetic radiation and molecular vibrations in molecules [39]. In the electromagnetic 

spectrum IR covers the wavelength region between 2.5-15 µm (Fig. 8). Infrared region of the 

electromagnetic spectrum is generally used for the structural analysis of the molecules since the 

energy of infrared light matches with the vibrational energies of the molecules [39]. FT-IR is 

based on the infrared absorption of molecular vibration, when a molecule irradiated by infrared 

light, a specific frequency may match to the vibrational frequency of the molecule and 

molecular vibration can get excited by waves with that specific frequency [39]. The FT-IR 

spectrum generally plotted as intensity of transmitted infrared radiation (%) against the range 

of radiation wavenumbers (cm-1).  

FT-IR analyses of Au seeds, TSC, and TA were done by using Thermo Scientific Nicolet iS10 

FT-IR Spectrometer in attenuated total reflection mode (ATR). Au sample prepared by drop 

casting on a silicon substrate, no sample preparation was necessary for TSC and TA since they 

were in powder form.   

2.3.5. X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis can help identify crystal structure and crystallinity of the 

materials. There are two types of X-ray diffraction: spectroscopic and photographic. 

Spectroscopic method is known as X-ray powder diffractometry and it is the most widely used 

diffraction method. Photographic method can be used to identify unknown crystal structures. 

In this project powder diffraction method used for the analysis of SiC powder. XRD analysis 

was performed on a Philips X’pert pro super diffractometer with Cu Kα source (λ=1.5418Å) 

[22].   

2.3.6. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Inductively coupled plasma optical/atomic emission spectroscopy (ICP-OES or ICP-AES) uses 

quantitative measurement of the optical emission from excited atoms in the sample to determine 

the analyte concentration of the sample. Au NPs with sizes of 16 and 38 nm were analyzed with 

ICP-OES iCAP 6500 from Thermo Fisher Scientific. Samples were prepared by first dissolving 

Au NPs in aqua regia solution and then diluting with Milli-Q water.  

2.3.7. Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) is the most widely used type of electron microscope 

to examine the microscopic structures by scanning the material surface with a focused electron 

beam [39]. An important characteristic feature of SEM is the three-dimensional appearance of 

its images which is due to the large depth of field. In comparison to transmission electron 

microscope, SEM is relatively easier to operate, maintain and also it enables us to obtain 

chemical information from a sample by using a special technique called X-ray energy dispersive 

spectrometer (EDS) [39]. Other than chemical analysis SEM can be used for microstructure and 

surface morphology analysis. There are two types of contrast in SEM images; first one is the 

topographic contrast which is a result of variation in signal levels caused by the differences in 

geometric features of the specimen surface. The secondary electrons (SE) are the primary 

source of topographic contrast but backscattered electrons (BSE) also contribute to this type of 
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contrast. The second type is the compositional contrast which is a result of compositional 

variations in the specimen.  

In SEM, a number of different detectors can be mounted into the chamber surrounding the 

specimen; Everhart Thornley detector (ETD) and Through-the-lens detector (TLD) are the two 

most common detector types. The position of the SE detectors affects the signal collection and 

the shadowing effect on SEM images. ETD is a side mounted detector which views the 

specimen from one side, therefore when the specimen has different faces towards to detector, 

the side that looks away from the detector is shadowed. On the other hand, TLD is located 

inside or on the source side of the pole piece of the final lens which makes this type of a detector 

more efficient at collecting SE signal that are generated close to the final lens [40]. Also 

shadowing effect is not a problem when the analysis is done by using an in-lens detector since 

detector is positioned above the specimen not on the side of it.  

SEM analyses were performed with FEI Nova 200 Dual beam system which is equipped with 

a 30 kV SEM field emission gun (FEG) column and a 30 kV focused ion beam (FIB) column 

with Gallium source.  

2.3.8. Transmission electron microscopy (TEM) 

TEM analysis can be used to investigate the morphology, size, size distribution, crystallinity 

and crystal structure of materials. In this project TEM used to analyze the morphology and size 

distribution of the Au NPs. Au NPs were imaged by using Jeol JEM-2100F at 200 kV. Samples 

were prepared by using drop cast method onto amorphous carbon coated copper grids. Average 

size and size distribution of the Au NPs were determined by using ImageJ software by counting 

at least 100 particles.  

2.4. Electrophoretic deposition setup 

2.4.1. Electrode design 

The aim of the EPD of SiC experiments was to understand and optimize the parameters of EPD 

setup. The most important parameter was the electrode design, in that context, one should 

consider the material type, dimensions of the electrode, active surface area and the connection 

between the electrode and the power source. We started designing process by deciding on the 

material type, there are many types of materials which can be used as electrodes in EPD process 

such as metals [41], [42], glass [23], or carbon-based materials like graphite [43]. In this project 

we used Cu electrodes together with an insulation layer (nail polish) and the substrate which 

was Si wafer (Fig. 9). Cu sheets were cleaned with isopropanol and distilled water and then 

insulation layers applied to both sides of the Cu sheets. Cu tape was used to stick the Si 

substrates. The dimensions of Cu sheet were 24 mm x 8 mm, and Si wafer were 6 mm x 6 mm. 

Electrodes are mechanically connected to power source by using Cu wires (Fig. 13).  
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Figure 9: Different electrode designs for EPD of β-SiC, Cu sheets and wires shown in 

orange, insulation layer (nail polish) shown in blue, and Si wafer shown in dark gray. 

 

After achieving a good quality deposition on the Cu electrodes, next step was trying to confine 

the region that we want to do the deposition. 3D sample holders were designed by using 

SketchUp software and printed by using Ultimaker 2+ 3D printer (Fig. 10-11). Polylactic acid 

(PLA) filament used in the printing process. On the top part of the holder (Fig. 10b), there is a 

ring structure where we put the 9 mm diameter O-rings. The inner circle which determines the 

deposition area had 4 mm diameter (Fig. 10b). The square structure on the bottom part of the 

holder (Fig. 11a), is designed to contain the Si substrate on top of a Cu sheet. Dimensions of 

Cu sheet were 10.5 mm x 10.5 mm and Si wafer were 9.5 mm x 9.5 mm.  

 

 

Figure 10: Top part of the 3D printed electrodes for EPD of β-SiC; a) view from the up, b) 

view from down. 
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Figure 11: Bottom part of the 3D printed electrodes for EPD of β-SiC; a) view from the up, 

b) view from down. 

In the EPD of Au NPs experiments another type of electrode design had been used to have 

better insulation around the Si substrate. In wire electrode design, Cu electric wires with PVC 

layer around them used as a conducting backing where Si substrate is directly connected to Cu 

wire by using Cu tape (Fig. 12).  

 

Figure 12: Wire electrode design for EPD of Au NPs where Cu electric wires with PVC 

insulation around it shown in blue and Si substrate in dark gray. Cu tape was used to stick the 

Si wafer to Cu wire. 

2.4.2. Electrophoretic deposition setup for silicon carbide nanoparticles 

In the EPD of SiC experiments, Voltcraft PPS-11810 programmable DC power supply was 

used. Silicon (Si) is the selected working substrate as the intention of the work is to be able to 

make EPD of materials directly on it, without needing to transfer. The only parameter studied 

during EPD of SiC experiments was the electrode design since the electrodes need to be 

optimized for the Au EPD experiments, while other parameters were kept constant. The applied 

DC voltage was 18 V, since we couldn’t obtain good deposition at lower voltages we used the 

maximum voltage that the power supply can reach, and no current was applied. Distance 
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between the two electrodes was set as 1.5 cm, deposition time as 20 min, and the volume of the 

SiC solution was 15 ml which was contained in a glass beaker during the deposition (Fig. 13). 

 

Figure 13: Experimental setup used for EPD of SiC. 

2.4.3. Electrophoretic deposition setup for gold nanoparticles 

The experimental setup of Au NP deposition is presented in Fig. 14, where the DC power supply 

remains the same with SiC deposition experiments, but the volume of the sample had been 

reduced to 3 ml. During the EPD of Au NPs some of the experimental parameters that are 

influential in the EPD process of materials, defined by the Hamaker’s equation, were kept 

constant. These parameters are the applied DC electric field (10 V), distance between the 

electrodes (1 cm), solvent (H2O) thus the dielectric constant of the medium, and the magnitude 

of surface charge (zeta potential) of NPs. Different deposition times, particle sizes and 

concentrations tested during EPD of Au NPs experiments. Au NP solutions were kept in 

polystyrene cuvettes during the EPD experiments. 

 

Figure 14: Experimental setup used for EPD of Au NPs.  
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3. Results and Discussion 
 

3.1. Silicon carbide system 

3.1.1. Characterization of silicon carbide colloids 

Characterization of NFs and understanding the role of various parameters are important since 

it can significantly affect the colloidal properties. The effect of pH, particle surface chemistry, 

particle size, and isoelectric point are known to be critical for formulation of stable NFs. For 

instance, changes in pH affects the stability of the NF; around the pH values close to IEP, NFs 

are not very stable. At the IEP the overall charge of the particle becomes zero, therefore when 

pH value of the solution is close to IEP, particles tend to agglomerate and precipitate. Fig. 15 

was used to evaluate the IEP of β-SiC NF which is around pH 6 [22]. Fig. 15 reveals that pH 

values around 8.5-9.0 is suitable to prepare a stable NF. Therefore, in this project β-SiC NF was 

prepared in the pH of 8.5-9.0 where the zeta potential of NF was measured as -33.4 mV.   

 

Figure 15: Zeta potential of β-SiC as a function of pH, in the range of ±25 mV NF is unstable 

shown in orange, zeta potential values higher the ±25 mV is the range where NF is stable 

shown in blue [22]. 

In order to identify the crystal structure of SiC, powder XRD analysis was performed and the 

diffraction pattern is presented in Fig. 16. The diffraction peaks 35.8°, 41.5°, 60.0°, 72.0° and 

75.7° can be indexed as (111), (200), (220), (311) and (222) reflections of the cubic structure 

of SiC phase respectively (reference number of β-SiC phase is JCPDS#01-074-2307 where 

JCPDS stands for Joint Committee on Powder Diffraction Standards) [22]. There is a small 

impurity phase at 34.5° which is attributed to α-SiC [22].  
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Figure 16: XRD pattern of β-SiC [22]. 

Morphology and size distribution analyses of β-SiC was performed by using SEM. SEM 

micrograph displayed in Fig. 17 reveals the spherical morphology of β-SiC where estimated 

particle size is 60±10 nm. Particle size analysis was done by counting around 200 particles.  

 

Figure 17: SEM micrograph of β-SiC where the scale bar is 100 nm [22]. 

3.1.2. Electrophoretic deposition of silicon carbide 

The aim of the EPD of β-SiC experiments was to understand and optimize EPD setup. All the 

experiments conducted by using 18 V DC voltage, 15 ml 5wt% β-SiC solution, 20 min 

deposition time, 1.5 cm distance between the two electrodes. The only different parameter 

between the experiments was the electrode design. Details of the EPD setup explained in 

chapter 2.4.2. Characterization of β-SiC deposition done by using SEM. 

In Fig. 18, SEM micrographs of β-SiC deposition on a Si wafer done by using electrode design 

shown in Fig. 9a, are presented at different magnifications. All four images in Fig. 18 are taken 

on the anode by using 10 kV accelerating voltage, 0.13 nA probe current, SE imaging mode 

and ETD as a detector. The tilt angle in Fig. 18a-b is 0°; while it is 50° for Fig. 18c-d. A well-

packed film surface morphology at two different magnifications formed by DC-EPD can be 
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seen in Fig. 18a-b. Some micro cracks were observed on the surface (Fig.18c). The thickness 

of the β-SiC film was around 28 µm, shown in Fig. 18d.   

 

Figure 18: SEM micrographs taken on anode, showing the β-SiC deposition on a Si wafer at 

different magnifications, SEM analysis done in the end of 20 min EPD experiment, applied 

voltage 18V. Electrodes used in this experiment are shown in Fig. 9a. 

In Fig. 19, SEM micrographs of β-SiC deposition on a Si wafer done by using electrode design 

shown in Fig. 9b, are presented at two different magnifications. Both micrographs in Fig. 19a-

b are taken on the anode by using 10 kV accelerating voltage, 0.54 nA probe current, SE 

imaging mode, ETD as a detector, and 0° tilt angle. From these two images we can see a good 

coverage density of the ceramic layer however, the quality of the layer is not as good as what 

we see on Fig. 18.  

Results of β-SiC deposition done by using electrode design shown in Fig. 9c, are presented in 

Fig. 20, where both images are taken on anode by using 5 kV accelerating voltage, 0.40 nA 

probe current, SE imaging mode, ETD as a detector, and 0° tilt angle. In all three samples we 

observed some micro cracks on the ceramic layer however, this sample has the highest number 

of cracks on the deposited layer (Fig. 20). 
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Figure 19: SEM micrographs taken on anode, showing the β-SiC deposition on a Si wafer at 

different magnifications. SEM analysis done in the end of 20 min EPD experiment, applied 

voltage 18V. Electrodes used in this experiment are shown in Fig. 9b. 

 

Figure 20: SEM micrographs taken on anode, showing the β-SiC deposition on a Si wafer at 

different magnifications. SEM analysis done in the end of 20 min EPD experiment, applied 

voltage 18V. Electrodes used in this experiment are shown in Fig. 9c. 

 

3.2. Gold system 

3.2.1. Characterization of gold nanoparticles 

After the synthesis of the Au NPs, several different techniques were used for the 

characterization of the NPs. In this chapter while presenting the data, Au seeds, 1st growth and 

2nd growth Au NPs will be referred as 4, 5.5, and 7 nm Au NPs respectively, which represents 

their average particle sizes according to TEM results (Fig. 22).  

For the determination of Au NP concentration, ICP analysis was performed on 16 and 30 nm 

Au samples. Based on the ICP results, the number of particles per ml of the stock solutions 
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were determined as 1.184x1012 and 3.384x1011 for 16 and 30 nm size Au NPs respectively. ICP 

analysis was not considered necessary for other sizes of Au NPs since we could not quantify 

the amount of Au NPs deposited on the substrate. 

Size distribution of Au NPs have been evaluated by using DLS and TEM analyses, where DLS 

provided the hydrodynamic size distribution of the NPs and TEM provided the metallic core 

sizes of NPs. DLS spectra presented as volume distribution (%) vs the sizes of the NPs (d.nm) 

in Fig. 21. TEM micrographs are presented in Fig. 22-23, average sizes of Au NPs found by 

counting more than 100 particles from TEM images by using ImageJ software, and histograms 

of sub-10 nm Au NPs are also presented in Fig. 22.  

DLS analyses show that for each size of Au NPs we have different polydispersity index (PdI) 

values shown in Table 1. PdI values higher than 0.7 indicates that sample is not monodisperse 

which means it has a broad size distribution. Only in the analysis of 7 nm NPs we have seen a 

PdI value higher than 0.8 which can be explained by the existence of aggregates or some 

contamination in the solution. Other than that, hydrodynamic diameters and average sizes from 

TEM analyses correlate, and in both of them we can see the increase in the particle size (Table 

1).  

Table 1: Average sizes of Au NPs from TEM and DLS analyses, and polydispersity index 

(PdI) values from the DLS measurement.  

Ave size from TEM Ave size from DLS Polydispersity Index (PdI) 

4 nm 5.39 ± 0.79 nm 0.5 

5.5 nm 8.85 ± 1.47 nm 0.7 

7 nm 11.62 ± 3.59 nm 0.8 

16 nm 17.47 ± 6.32 nm 0.2 

30 nm 31.02 ± 8.72 nm 0.15 

 

Figure 21: DLS spectra of five different sizes of Au NPs. 
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Figure 22: TEM micrographs of Au NPs with an average size of a) 4 nm, b) 5.5 nm, and c) 7 

nm. For the calculations of average particle size, at least 100 NPs counted by using ImageJ, 

histograms are presented for sub-10 nm particles. 

From TEM analyses we can confirm the spherical shapes of the Au NPs (Fig. 22-23). However, 

for the determination of the average particle size, TEM data alone cannot represent the whole 

size distribution in the solution. For this reason, one should combine electron micrographs with 

solution based techniques. Particle size growth of Au NPs can be also tracked by using UV-Vis 

analysis. Red shift in the SPR peak max represents the particle growth shown in Fig. 25. In Fig. 

24, UV-Vis spectra of Au NPs are presented, the intensity of the peaks represent the NP 

concentration in the solution. 30 nm particles have the highest peak intensity which correlates 

with their higher particle concentration. 5.5 nm particles have the lowest concentration which 

also correlates with their lowest peak intensity (Fig. 24). To observe the changes in particle size 
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one can compare the wavelengths of SPR peak maxima for each particle family which was what 

we did in Fig. 24. When we compare our results to literature we saw that two size regimes 

intersecting around 7-8 nm having different behavior, which correlates very well with our 

results (Fig. 25) [44]. For NPs smaller than 8 nm, slight variations in size are translated into 

larger red shifts in SPR peak position, and for larger sizes, these size-dependent changes are 

much smoother leading to smaller red shifts.  

 

Figure 23: TEM micrograph of Au NPs with an average size of 16 nm (a), and SEM 

micrograph of Au NPs with an average size of 30 nm (b), in both of them we can see the 

spherical shapes of the Au NPs. 

 

 

Figure 24: UV-Vis absorption spectra of Au NP with different sizes. 

0

0.5

1

1.5

2

2.5

3

3.5

4

400 450 500 550 600 650 700

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

4nm 5.5nm 7nm 16nm 30nm



 

 

24 

 

Figure 25: Position of SPR peak maximum as a function of particle size. 

 

Surface functional groups on Au NPs were evaluated by FT-IR spectroscopy. FT-IR spectra of 

Au seeds, TA, and TSC are shown in Fig. 26. The aim of the FT-IR analysis was to determine 

if Au NPs are citrate coated or not however, in the Au seeds (4 nm in size) spectra there are not 

very clear peaks which is a result of low concentration of the Au solution. For low concentration 

solutions drop cast method is not very suitable, since the number of particles is low it requires 

big volumes for the sample preparation and still you may not get clear peaks. One can try to 

use a liquid sample holder or can prepare KBr pellets and by using the correct sample 

preparation method one can get much clear peaks from FT-IR analysis. Another way to analyze 

the surface functionality of the Au NPs is the zeta potential measurement. If we successfully 

synthesized citrate-stabilized Au NPs, then they must have been negatively charged. We 

performed zeta potential (ZP) measurements for all five different sizes of Au NPs and the results 

are presented in Table 2. According to these results all five set of Au NPs are in the stable range 

which confirms that they are citrate-coated. Electrophoretic mobility (Mob) and conductivity 

(Con) results also presented in Table 2. 
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Figure 26: FT-IR spectra of Au seeds, tannic acid (TA) and trisodium citrate (TSC). 

 

Table 2: Results of zeta potential (ZP) measurements.  

Sample Name pH range ZP (mV) Mob (µmcm/Vs) Cond (mS/cm) 

4 nm Au NPs 6.0-6.5 -39.9 -3.127 0.918 

5.5 nm Au NPs 6.5-7.0 -32.6 -2.560 0.156 

7 nm Au NPs 7.0-7.5 -32.4 -2.542 0.922 

16 nm Au NPs 6.0-6.5 -52.0 -4.076 0.364 

30 nm Au NPs 5.0-5.5 -40.4 -3.167 0.650 

 

3.2.2. Electrophoretic deposition of gold nanoparticles 

After the EPD of SiC experiments we decided to use the Cu electrodes for EPD of Au NPs. 

However, after a few trials we saw that Si wafer and also the insulation layer around the wafer 

were covered with Au NPs. To solve this problem, we designed a new set of electrodes, which 

was shown in Fig. 12, in this design we tried to have a better insulation layer around the Si 

substrate, thus we could have deposition only on the wafer. By using wire electrodes, we 

managed to focus the deposition on the Si wafer. 

Several parameters were kept constant during all the EPD of Au NPs experiments: volume of 

the Au solution was 3 ml, applied voltage was 10V DC, the distance between the electrodes 

was 1 cm and no current applied. Parameters had been tested were deposition time, particle size 

and concentration of Au NP solutions. Characterization of Au NP deposition was done by using 

UV-Vis and SEM analyses. UV-Vis analysis was used to track the changes in Au NP 

concentration during EPD.  For each EPD experiment, UV-Vis measurement was done before 

EPD, which is referred as original in the UV-Vis graphs, and at different time points we 

repeated the experiment to see the changes in absorption intensity. 
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We started EPD of Au NPs experiments by testing different sizes and keeping other parameters 

constant. However, particle concentrations of Au solutions were not the same as we mentioned 

earlier. For EPD of Au NPs, we only used Au NPs with sizes of 7, 16 and 30 nm, where 30 nm 

has the highest concentration and 16 nm has the lowest. The parameters kept constant were; 

applied voltage (10 V DC), deposition time (160 min), electrode design (wire electrodes), 

distance between the electrodes (1 cm) and volume of the solution (3 ml). During the first EPD 

experiments we saw that in the first 40 min there is no decrease in particle concentration, 

therefore we decided to test higher deposition times such as 160 and 300 min, with different 

sizes of Au NPs. In Fig. 27, UV-Vis absorption spectra of 7 nm Au NPs at different time points 

are presented and it shows that there is a decrease in absorption intensity as a function of time, 

which proves that we are actively removing Au NPs from the solution by depositing them on 

Si wafer. When we repeat the same experiment with 30 nm Au NPs, we observed an abrupt 

decrease in the absorption intensity in time (Fig. 29). The efficiency of the EPD process is 

strongly related to the concentration of NPs in the solution, and according to Hamaker equation 

leading to higher amount of NP deposition. When we have higher number of NPs in the 

solution, the chances of depositing them at the same time duration is higher than the low 

concentration solutions. NP concentration of 30 nm Au NP solution is much higher than the 7 

nm solution, which explains the difference between the intensity changes at the same time 

points Fig. 27 and 29.  

 

Figure 27: UV-Vis absorption spectra of 7 nm Au NPs during 10 V DC-EPD experiment at 

different time points. In this experiment wire electrodes had been used. 

After UV-Vis analysis we analyzed both positive and negative electrodes at the end of 160 min 

EPD experiments. In Fig. 28, SEM micrographs of 7 nm Au NPs are presented, we observed 

that there is Au deposition on both electrodes, even though zeta potential analysis showed that 

Au NPs are negatively charged (Table 2). After further analysis we understood that loosely 

bounded citrate molecules can be removed from the NP surface under 10 V DC field which 

leads positively charged Au NPs in the solution. These positively charged particles deposited 

on the negative electrode while negatively charged particles deposited on the positive electrode. 

When we analyzed the electrodes of 30 nm Au EPD experiment we observed the same problem, 

there were deposition on both electrodes (Fig. 30).   
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Figure 28: SEM micrographs of 7 nm Au NP deposition after 160 min, under 10 V DC, a) on 

the negative electrode and b) on the positive electrode. 

SEM analyses of both 7 and 30 nm particles showed that on the negative electrode the 

deposition of positively charged particles is much homogeneous than the deposition on the 

positive electrode. On the positive electrode deposition is in multilayered form which can be 

the result of citrate molecules around the Au NPs. Negatively charged Au NPs tend to merge 

together in time and form clustered structures on the Si wafer.  

 

Figure 29: UV-Vis absorption spectra of 30 nm Au NPs during 10 V DC-EPD experiment at 

different time points. In this experiment wire electrodes had been used. 
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Figure 30: SEM micrographs of 30 nm Au NP deposition after 160 min, under 10 V DC, a) 

on the negative electrode and b) on the positive electrode. 

After 160 min EPD experiments, to demonstrate the effect of deposition time we kept every 

parameter constant but increased the deposition time. According to Hamaker equation by 

increasing the deposition time, while keeping other parameters constant, one can increase the 

density of the deposition. However, when we analyzed different deposition times for different 

particle size and concentrations, we did not observe a steady increase in coverage density of the 

NPs. Deposition of Au NPs was not distributed homogenously throughout the Si wafer thus it 

was hard to compare the coverage density changes by using SEM analysis. In UV-Vis analyses, 

we were able to observe the decrease of particle concentration in time as expected. In Fig. 31, 

UV-Vis absorption spectra of 7 nm Au NPs at different time points is presented, we can see the 

continuous decrease in peak intensity until the end of 300 min. By comparing Fig. 27 and 31, 

one can conclude that in 300 min the deposition density must be higher than that in 160 min.  

 

Figure 31: UV-Vis absorption spectra of 7 nm Au NPs during 10 V DC-EPD experiment at 

different time points. In this experiment wire electrodes had been used. 

0

0.2

0.4

0.6

0.8

1

1.2

370 420 470 520 570 620 670

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

Original 80min 160min 240min 300min



 

 

29 

However, since the deposition is not homogenously distributed on the Si wafer, we could not 

observe the increase in packing density of the NPs by using SEM analysis. In Fig. 32a, the 

SEM micrograph of 7 nm Au deposition on negative electrode after 300 min EPD experiment 

is presented. When we compare Fig. 28a and Fig. 32a, we cannot see an increase in coverage 

density, which proves that the behavior of metallic NPs during the EPD process cannot be 

explained by using Hamaker equation.  

We repeated 300 min EPD experiment by using 16 nm particles to check if the concentration 

difference between the 7 and 16 nm particles is going to make a difference or not. In Fig. 32, 

SEM micrographs for a) 7 and b) 16 nm is presented. The expected result was to see higher 

packing density of 7 nm particles to compare with 16 nm ones. However, we observed that 16 

nm particles have much higher packing density. The distribution was not completely 

homogeneous but packing density was higher than 7 nm. UV-Vis graphs also proved that we 

had more deposition with 16 nm particles (Fig. 31 and 32).  

 

Figure 32: UV-Vis absorption spectra of 16 nm Au NPs during 10 V DC-EPD experiment at 

different time points. In this experiment wire electrodes had been used. 

 

Figure 32: SEM micrographs of EPD of a) 7 nm and b) 16 nm Au NPs on Si wafer. SEM 

analysis was done after 300 min of DC-EPD. 
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4. Conclusions 

Citrate stabilized sub-10 nm Au NPs synthesized by using seeded-growth synthesis method 

based on the reduction of tetrachloroauric acid with sodium citrate and tannic acid. For the 

characterization of Au NPs, UV-Vis, DLS, zeta potential, FT-IR, ICP and TEM analyses were 

used. Au NPs with different sizes have been successfully fabricated and their dominant surface 

charge was assessed to be negative, providing them a great colloidal stability. An EPD setup 

was built and tested by using SiC NPs which is a more abundant material but also it is negatively 

charged like citrate coated Au NPs. Different sizes of Au NPs deposited on Si wafer under DC 

field, however deposition was on both negative and positive electrodes. Further research 

showed that 10 V DC was enough to disturb the functional groups on the NP surface. By ripping 

off the citrate layer around the Au NPs, leading to positively charged NPs in the solution. Citrate 

coated negatively charged Au NPs deposited on the positive electrode while positively charged 

NPs deposited on the negative electrode. Results of this project showed that to have Au NP 

deposition only on the oppositely charged electrode, the binding energies of functional groups 

on the NP surface should be strong enough to stay stable under 10-18 V DC field.  

To conclude, the type of material and surface functionality have a significant role in the EPD 

process. Physics behind the EPD of ceramics is well-understood and the quantification of the 

deposition can be done by using Hamaker equation. However, EPD of aqueous suspension of 

metallic NPs requires further research in fundamental understanding of the mechanisms behind 

the EPD process.   
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5. Future Work 

EPD process for citrate coated Au NPs can be optimized by using different ranges of DC 

voltages. In this project we only tested EPD process by using 10-18 V DC, further analysis can 

be done by using lower voltages to make sure that functional groups are stable under the applied 

voltage. Stability of different surface coatings such as thiol or amine groups can also be tested 

for the EPD process.   

EPD of Au NPs can be used in different research fields, one example can be the x-ray zone 

plates. One can use EPD process for selective area deposition of Au NPs on Si wafers and use 

them for metal-assisted chemical etching for the fabrication of X-ray zone plates.   
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