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ABSTRACT 

ELECTROCHEMICAL DETERMINATION OF SA-TO-VOLUME RATIO FOR 

METAL NANOPARTICLE ANALYSIS 

                                                 Jay Narayan Sharma 

                                                         July 26th, 2019 

This dissertation describes an electrochemical approach for measuring the 

surface area-to-volume ratio (SA/V) of electrode-attached metal nanoparticles 

(NPs), which was used to analyze their size, aggregation state, and porosity. This 

dissertation further describes the effect of the metal NP electrode assembly 

method on the SA/V, which is related to metal NP catalytic activity and stability.   

Cyclic voltammetry (CV) in acid electrolyte followed by anodic stripping 

voltammetry (ASV) in KBr electrolyte allows the electrochemical measurement of 

the SA/V of electrode-attached Au nanospheres (NSs). InCV, the forward scan 

produces a thin surface Au2O3 layer on the Au NSs. Measuring the Coulombs of 

charge passed during the reduction of the Au2O3 on the reverse scan allows a 

measurement of the total surface area (SA) of all NSs on the electrode. 

Subsequent measurement of the Coulombs of charge passed during oxidative 

dissolution of all of the Au NSs in KBr electrolyte provides a measurement of the 

total V of the Au NSs.  Since the radius of a sphere is equal to 3/(SA/V), the SA/V 

provides a direct measure of the Au NS size, which matches very closely to the 
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size of several Au NSs ranging from 4 nm to 70 nm in diameter based on scanning 

electron microscopy (SEM) size measurements.. 

Electrochemical SA/V measurements provide information about the 

aggregation state of electrode-attached Au NSs. The SA/V decreases as 4 nm and 

15 nm diameter Au NSs go from isolated NSs to aggregated structures, caused by 

the neutralization of the citrate stabilizer at low pH. The decreased SA/V for 

aggregated Au NSs accounts for the positive shift in the peak oxidation potential 

(Ep) of aggregated NSs compared to isolated ones. 

The SA/V of distorted, flattened, and porous Au NSs formed by dealloying 

Ag from AuAg alloy NSs increases with an increasing percentage of Ag in the initial 

alloy NSs. Greater removal of Ag leads to greater porosity and a higher SA/V. The 

increased SA/V for porous NSs resulted in a negative shift in Ep relative to similar 

diameter non-porous Au NSs. 

The SA/V of similar sized NSs assembled onto indium-tin-oxide-coated 

glass electrodes (glass/ITO) by different assembly methods, including electrostatic 

attachment to an amine-functionalized silane linker, electrophoretic deposition 

(EPD), direct drop-cast deposition, and drop-cast deposition after mixing with 

carbon black, can be dramatically different. Au NSs with higher SA/V generally 

exhibit higher electrocatalytic activity, as demonstrated for the oxygen reduction 

reaction (ORR), but also oxidize at lower potentials (lower Ep). The SA/V follow the 

order of electrostatic attachment > EPD > drop-cast with carbon black > drop-cast. 

Since different assembly methods lead to different SA/V for the same size Au NSs, 
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the SA/V is a better predictor of Ep, or the oxidation properties of the NSs, 

compared to the size (or curvature) of the Au NSs. This is generally true for all of 

the different variables studied in this dissertation, including NSs of different size, 

aggregation state, porosity, and assembled by different methods.  The SA/V 

provides important information about both activity and stability of metal NPs. 
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CHAPTER I 

INTRODUCTION 

 

1.1. Main Goal/Summary 

 

The main goal of this work was to develop an electrochemical approach for 

measuring the surface area-to-volume ratio (SA/V) of electrode-attached 

nanostructures in order to analyze their size, aggregation, and nanoporosity. Using 

this approach, we directly determined the size of Au nanospheres (NSs) from 4 nm 

to 70 nm in diameter.  Also, we measured the SA/V of nanoporous Au NPs that 

were prepared by dealloying Ag from AuAg alloy NSs.  In addition to learning about 

the porosity as a function of Ag percent composition prior to dealloying, this work 

provided physical insight about the relationship between metal oxidation and the 

SA/V, especially for irregular nanostructure geometries. Finally, we used the SA/V 

measurement to characterize the activity and oxidation properties of Au NSs 

assembled by different methods and on different electrode materials.  This 

provides a means to optimize the assembly of metal NSs for electrocatalysis and 

other electrochemical applications in terms of their activity and stability.  It also 

physically provides a correlation between the metal NS oxidation potential and 

SA/V.  Chapter I describes background information on metal NPs and their 

commonly used characterization methods as a comparison to the electrochemical 

methods used in this work. It also reviews theories on size-dependent metal NP 

oxidation and recent work on nanoporous particles and their applications.  Chapter 
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II provides the experimental methods and instrumentation used to complete the 

research described in later chapters of this dissertation. Chapter III is focused on 

the electrochemical determination of the SA/V of Au nanospheres and use of SA/V 

to analyze the size of Au NSs. Chapter IV describes the SA/V of different 

aggregated states of Au NSs. Chapter V describes the impact of different assembly 

methods of Au NSs on their electrochemical SA/V and stability. Chapter VI is 

focused on the determination of the SA/V of flattened, distorted and porous Au 

nanostructures formed by dealloying of AuAg alloy NSs. Chapter VII summarizes 

the findings of all of the projects and suggests future directions.  

1.2. Motivation/Objective 

 

The motivation behind this research was to determine the SA/V of metal 

NPs, specifically Au NSs. Surface attached metal NSs are widely used for a variety 

of applications, such as catalysis, sensing and energy storage. There are methods 

available for measuring the SA of these surface-attached metal NSs in order to 

correlate it to their activities. However, it is not very useful to know only the SA 

without the volume.  It is more informative to normalize the SA to volume because 

the volume is related to the overall amount of material being used for an application 

and it is related to the overall cost of that material as well.  Ideally, it is important 

to have a lot of SA in order to exploit surface reactivity for catalysis and sensing, 

but without using a lot of volume. Therefore, it is necessary to know SA/V.  

Another important reason to know SA/V is in the case of spherical shaped 

NPs, where the SA/V is related to their radius by the relation SA/V = 3/r, where r 
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is the radius of the nanoparticle. Using this relation, the radius of NSs can be 

determined. Many properties of metal NSs, such as catalysis and sensing, are 

related to their size. Thus, determining the size of metal NSs based on SA/V can 

be useful to compare the effect of their size on their electrocatalytic activity, 

especially when comparing different particles and approaches for electrocatalysis. 

SA/V determination for various irregular or porous nanostructures can be useful to 

correlate their SA/V to their electrocatalytic or sensing properties as well.  

For their varied applications and in a physical sense, the stability of metal 

NPs is very important. The stability of metal NPs is related to their oxidation 

potential, which is usually correlated to either their size or curvature in the 

literature. Our work correlates the oxidation potential with SA/V, which is especially 

useful for irregular structures where there is no real clear size definition. We can 

also explain the change in oxidation behavior of metal NPs based on SA/V even 

when sizes or their curvature does not change. This includes the assembly of metal 

NPs by different assembly methods and the oxidation of aggregated and porous 

nanostructures. Normalizing the SA to the volume to determine SA/V of metal NPs 

of different size, aggregation state, irregular or porous nature and assembled by 

different methods can help to correlate their stability, activity and reactivity to SA/V. 

1.3. Applications of Metal NPs 

 

Metal NPs (NPs) have gained tremendous interest recently due to their wide 

applications in catalysis,1-4 sensing,5-6 drug delivery,7-8 and energy storage.9-14 

They are of special interest compared to their bulk analogues. This is because as 
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the bulk metals are converted to metal nanoparticle there is an increase in overall 

SA (SA) for reactions to take place relative to the total amount of material being 

used (or volume), which allows higher reactivity with lower cost.  In addition, there 

is a large increase in the number of specific types of atoms on the NP surface as 

the size is reduced.  For example, more corner and edge sites (relative to the total 

volume of material) become exposed with decreasing NP size. The number of 

these sites grows exponentially with the reduction in NP size and these corner and 

edge sites are often the reactive sites for catalytic reactions.15-16 This can lead to 

a significant increase in activity with a decrease in NP size. These properties make 

metal NPs important for a number of applications, such as therapeutics and 

catalysis.  

Sil 17 used Pd NPs in the size range of 5-20 nm as a sensing layer on the 

surface acoustic wave (SAW) device to detect H2 gas. As the H2 gas interacts with 

the Pd NP film the added mass modifies the acoustic wave propagation, which 

allowed detection of the gas. Huang and coworkers18 developed an immunosensor 

using an assembly of N-aminobutyl-N-ethylisoluminol-functionalized Au NPs with 

antibody, bovine serum albumin (BSA) and Co2+. These multifunctionalized Au 

NPs showed excellent chemiluminescent (CL), catalytic and immunogenic activity. 

Mistry and coworkers19 studied the size-dependent catalytic activity of micelle-

synthesized Au NPs in the 1-8 nm size range for electroreduction of CO2 to CO in 

0.1 M KHCO3. They observed a dramatic increase in current density with a 

decrease in NP size and a decrease in Faradaic selectivity towards CO formation. 

They found using DFT calculations that these results are due to an increase in the 
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number of low-coordinated sites on small NPs that favors evolution of H2 over CO2 

reduction to CO. Zhao and coworkers20 sandwiched Pt NPs between an inner 

core and an outer shell composed of a metal organic framework (MOF) having 

metal nodes of Fe3+, Cr3+ or both. These acted as good catalysts that could 

convert a range of α, β-unsaturated aldehydes with high efficiency and showed 

enhanced selectivity towards unsaturated alcohols. Different shapes of metal 

NPs, such as cubes, rods, and plates, are also used for sensing, imaging and drug 

delivery. Baciu and group21 used lipid layer coated Au nanorods (NRs) as a 

sensing platform for monitoring the interactions between proteins and biological 

membranes. The sensing occurred on these membrane-covered Au NRs by 

monitoring spectral shifts in fast single particle spectroscopy (fastSPS). Ali and 

coworkers22 developed a drug delivery platform using Au NRs conjugated to 

rifampicin (RF), an antituberculotic drug, to deliver it into macrophage cells. The 

nature of the macrophage cells allowed the NPs to actively internalize in them and 

release the RF after uptake, validating the usefulness of Au NRs to deliver 

rifampicin (RF). Amjadi and coworkers23 developed a plasmonic probe for the 

detection of trace amounts of Se(IV) by monitoring morphological transformations 

of Ag nanoprisms (NPRs). The surface plasmon resonance (SPR) of Ag NPRs 

blue-shifted from 720 nm to lower wavelength values of 550 nm in the presence of 

Se(IV). The shift is due to etching of the corners of the NPRs in the presence of 

selenite ions, which acts as a method for sensing them. These few examples out 

of the many in the literature clearly demonstrate the use of various metal NPs for 
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catalysis, gas sensing, drug delivery, biosensing, and trace metal detection as 

evidence of their importance. 

The composition of metal NPs are also often tuned for different applications, 

especially in catalysis. The atomic arrangement of multimetal NPs can be tuned 

from core/shell to various alloy forms for different applications. Kilic and 

coworkers24 synthesized Ni@Pd core@shell NPs using a one pot reaction with 

successive reduction of Ni and Pd metal precursors in the presence of oleylamine 

and trioctyl phosphine and assembled these core@shell NPs on reduced 

graphene oxide, finding them  to be highly efficient for C-H bond arylation 

reactions. Feng and coworkers25 synthesized Cu-Zn alloy NP catalysts by laser 

ablation in liquid and found that the alloy NPs exhibited excellent selectivity for 

C2H4 formation in CO2 electroreduction, having high faradic efficiency of 33.3% at 

-1.1 V (vs RHE). The high catalytic activity was attributed to the proximity of Cu 

and Zn atoms in the alloy system that facilitates both stabilization of the CO* 

intermediate and transfer from Zn atoms to Cu atoms, where dimerization and 

protonation occurs to give high yields of ethylene.  

1.4. Characterization Methods for Metal NPs 
 

With all the obvious advantages and useful applications, metal NPs are 

characterized by different methods to correlate their properties for their different 

applications. There are different techniques available for the characterization of 

metal NPs, and the most common classes include electron microscopic, optical 

spectroscopic and mass spectrometric methods.   
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1.4.1. Electron and scanning probe microscopy methods.  Electron 

microscopic techniques involve the interaction of electrons with the specimen 

under study while scanning probe techniques involve the use of a probe tip to 

image the sample surface in order to analyze different properties, such as size, 

composition, aggregation and morphology of NPs. Different electron microscopic 

techniques, such as Scanning Electron Microscopy (SEM),26-27 Transmission 

Electron Microscopy (TEM),28-30 Scanning Transmission Electron Microscopy 

(STEM)31-33 and scanning probe techniques such as Scanning Tunneling 

Microscopy (STM)34-36 and Atomic Force Microscopy (AFM),37-38are being used to 

characterize metal NPs. 

In SEM, a focused beam of electrons is used to scan the surface of a 

sample. These electrons interact with atoms in the sample which produces 

secondary and backscattered electrons that contain information about the surface 

topography of a sample. SEM provides useful information on morphology,39-40 

size41-42and aggregation43 of NPs.  

In the case of TEM, a beam of electrons transmitting through a sample 

specimen interacts with the sample and forms an image of the sample onto a 

detector.44 TEM analysis provides useful information about morphology 45 and 

size45 of NPs.  

STEM involves a highly focused electron probe used to scan over the 

material under study, where the collection of transmitted electrons is measured as 

a function of probe position. The transmitted electrons at a high scattering angle 
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forms a high-resolution image of the sample that reveals information about 

morphology and size of NPs.46 

1.4.2. Optical spectroscopy methods.  Optical spectroscopic methods 

include the interaction of light with matter gives information about the size, 

compositional and structural properties of NPs. The commonly used optical 

spectroscopic methods are UV-Vis,47 Localized Surface Plasmon Resonance 

(LSPR)48 and Dynamic Light Scattering (DLS).49 

In UV-vis spectroscopy, when the energy of the light source matches the 

energy required for an electronic transition within the molecule, absorption of light 

in the UV-vis region occurs. Part of this light intensity is absorbed as the electron 

is promoted to a higher energy orbital. A spectrophotometer records the 

wavelength at which the absorption of light occurs, and the degree of absorption 

at each wavelength. In the case of NPs, this phenomenon is related to the size 

and concentration49 of NPs and has been used to study interesting phenomena 

such as Ostwald ripening in NPs in which small particles dissolve and redeposit 

on the larger particles to form larger particles.50  The UV-vis spectroscopy can 

monitor this growth of NPs. In the case of UV-vis spectroscopy, the localized 

collection of electrons within the metal NPs can be excited by light in the UV-vis 

range when the frequency of light matches the resonance frequency of the 

collective oscillating electrons.  This is known as localized surface plasmon 

resonance (LSPR). 
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Localized Surface Plasmon Resonance (LSPR) is the result of resonance 

caused by the interaction of light with the localized surface plasmons in metal NPs.  

The plasmon absorption bands are characteristic of the type of material and are 

highly sensitive to the composition, size and shape of the nanostructures.51 

Besides size and shape it is also useful to monitor some aspects of NPs such as 

agglomeration.52  

Dynamic light scattering is based on fluctuations in scattering intensity due 

to random movement of NPs by Brownian motion in their suspension.53 The 

fluctuations in scattering intensity are a function of NP size and also allow one to 

study important properties in NPs such as aggregation behavior54 and for analysis 

of the interactions of biomolecules with NPs.55  

1.4.3. Electrochemical methods for NP analysis.  Electrochemical 

methods offer benefits such as low cost, simple operation, speed of analysis, and 

high throughput. Electrochemical methods are being used extensively to analyze 

NPs and/or properties associated with them. Some of the electrochemical methods 

for analyzing NPs include Scanning Electrochemical Microscopy (SECM), 

electrocatalysis, coulometry (anodic and cathodic), resistive pulse sensing, metal 

NP charging, electrophoretic separation, and anodic stripping voltammetry (ASV).  

1.4.3.1.  Electrocatalysis.  The electrocatalytic method involves analyzing 

metal NPs indirectly by measuring the electrocatalytic oxidation or reduction of 

molecules interacting at the surface of the NPs in contact with an 

ultramicroelectrode. Some examples include electrooxidation of N2H4 at the 
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surface of platinum NPs (Pt NPs)56 and that of H2O2 at the surface of ruthenium 

oxide (RuOx) NPs.57 The recorded current time (i-t) transients obtained from the 

individual NP impacts on the microelectrode provide information about the size and 

interaction of the NPs with the substrate (elastic collision and adsorption) as well 

as the kinetics of the electrochemical reaction on the surface of the NPs.  

1.4.3.2.  Capacitive Charging.  A size-dependent quantized double layer 

(QDL) charging effect occurs during capacitive charging of monolayer-protected 

Au and Ag nanostructures (MP-AgNSs).58 A size-dependent magnitude of the 

surface charge for Si NSs59 that increased with an increase in particle size has 

been successfully employed for NP characterization. 

1.4.3.3.  Single Particle Sizing.  Electrochemical sizing of single NPs has 

been accomplished by monitoring an ionic current drop in the i-t trace as NPs 

translocate across a nanopore channel. This translocation through a nanopore has 

been used for analyzing single Au60 and silica NSs.61 

1.4.3.4.  Scanning Electrochemical Microscopy (SECM).  SECM 

involves the measurement of Faradaic electrochemical current at an 

ultramicroelectrode when it is held or moved in a solution above a surface of 

interest. The surface perturbs the electrochemical response of the tip, thereby 

providing information about the nature and properties of the surface. SECM has 

been successfully used for the analysis of Ag,62 Pt NPs63 and studying some 

catalytic reactions on the surface of these NPs, monitoring electron transfer 

kinetics at nano sized electrodes. 
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1.4.3.5.  Electrochemical Scanning Tunneling Microscopy (EC-STM).  

The EC-STM is a STM that measures the structure and morphology of electrode 

surfaces or atomic or molecular adsorbates on the electrode at atomic or molecular 

scales while the electrode is under potential control in an electrochemical cell. It 

has been used for analyzing the adsorption of molecules64 and corrosion behavior 

of different metal NP surfaces.65 

1.4.3.6.  Scanning Electrochemical Cell Microscopy (SECCM).  SECCM 

consists of a dual-barrel theta pipet (a type of double-channel pipette having inlet 

and outlet channels for the electrolyte) probe containing electrolyte solution and a 

quasi-reference counter electrodes (QRCE) in each barrel. This is a high-

resolution electrochemical scanning probe technique. Specifically, a thin layer of 

electrolyte protruding from the tip of the pipet ensures a gentle contact of the 

meniscus with a surface. The combination of SECCM with other microscopic 

techniques, like scanning electron microscopy (SEM), allows one to relate the 

current–voltage characteristics to the spatial position, providing useful information 

about surface structure. Some useful observations using SECCM include the study 

of the interactions between NPs and surface-modified electrodes66 and imaging of 

electro-oxidation on the electrode surface.67 

1.4.3.7.  Electrochemical Atomic Force Microscopy (EC-AFM).  

Electrochemical AFM (EC-AFM) is type of Scanning Probe Microscopy (SPM), 

which consists of Atomic Force Microscopy (AFM) combined with electrochemical 

measurements. This technique allows to perform in-situ AFM measurements in 
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an electrochemical cell to monitor actual changes occurring in the electrode 

surface morphology at the time of electrochemical reactions. Using EC-AFM solid 

liquid interphase can be analyzed.68 The method allows to fabricate metal and 

semiconductor nanostructures on the working electrode (WE) and also to perform 

and study the electrodeposition of different metals such as copper on electrode 

surfaces.69  

1.4.3.8.  Scanning Ion-Conductance Microscopy (SICM).  With SICM an 

electrode inside a nanopipette tip is used as the probe, where a potential is applied 

between the internal electrode and a second electrode outside the probe tip.  This 

leads to the flow of an ion current between the internal and external electrodes 

through the nanosized pipette opening while the pipette is scanned over a surface 

of interest. This allows an analysis of surface topography of micron and 

nanometer-sized structures in aqueous electrolytes. When the probe tip is brought 

from bulk solution to near the surface, the high precision and high resolution ionic 

current measurements provide information about the surface, which can be 

displayed as an image. SICM has been successfully used to visualize 

electrochemical reactivity at electrochemical interfaces70 and probe interactions of 

NPs with biological systems.71 
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1.5. SA Measurements of NPs 

Metal NPs are used for a number of applications, such as catalysis, sensing, 

energy storage and therapeutics. For most applications, the exposed SA of the 

metal NPs plays a key role in their function. As metals change from their bulk form 

to NP form and decrease in size, their effective SA relative to their volume 

increases significantly, as there are an increasing number of surface atoms 

compared to the internal atoms. As shown in Figure 1.1 with the case of a cubic-

shaped structure, the number of surface atoms relative to the interior atoms 

 

 

 

Figure 1. 1 Schematic representation showing the increase in SA (SA), edge 

lengths (el), corner (c), and terrace (ta) sites with a decrease in cube size (edge 

length, L) of NPs by breaking up 1 cube into 8 cubes and then into 64 cubes. 
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 increases as the larger individual cube with edge length L is broken up in to 8 

cubes and then into 64 cubes. This shows a simple inverse relationship between 

SA and the cube edge length, keeping the total volume constant.  If the NP 

function, such as catalytic turnover rate, depended on total exposed SA, then 

breaking up the cube into cubes with edge length half of the original edge length 

should then double the performance.  Interestingly, the number of total edge 

lengths and corner sites exposed as the cube is broken up does not follow this 

simple inverse relationship. As the single cube is broken up into 8 cubes, the SA 

doubles as mentioned but the amount of exposed edge length increases by 4 and 

the number of cube corners increases by 8.  If the function of the cubes depends 

on these particular sites, then the function would increase 4-fold and 8-fold, 

respectively, instead of just 2-fold if it depended on SA only.  This simple geometric 

consideration shows how the performance of a material can improve dramatically 

with decreasing size, not even considering other electronic effects of decreasing 

size. The total number of surface atoms and specific sites on the surface are the 

key to improving their performance as catalysts, energy storage materials, and 

therapeutic agents.  Measuring the available SA is therefore very important.  The 

commonly used methods for SA determination of metal NPs include underpotential 

deposition (UPD), ligand adsorption and the Brunauer–Emmett–Teller (BET) 

adsorption method 
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1.5.1.  Underpotential deposition (UPD).  This is an electrochemical 

method in which electrodeposition of one metal by reduction of its cation on 

another metal occurs at a potential more positive than the equilibrium (Nernst) 

potential for the metal/metal ion pair of the depositing metal.72 This makes it 

possible to deposit 1 layer of metal onto another metal at the UPD potential.  This 

can be exploited for SA measurements by depositing a monolayer of metal 2 by 

UPD onto metal 1. The deposited metal 2 is then electrochemically removed by 

metal oxidation (stripped) and the charge of the stripping peak is proportional to 

the SA of metal 1 since metal 2 only formed 1 layer of metal over the surface of 

metal 1.73-74 As shown in Figure 1.2, Liu and coworkers75 determined the SA of Au 

by depositing a UPD layer of Pb onto it and by scanning the potential range from 

0.5 V to -0.05 V.  
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Figure 1.  2. Schematic representation of the principle involved in determination 

of SA (SA) by underpotential deposition (UPD). The peak at 0.190 V and 0.450 V 

in the scan direction from 0.8 V to -0.2 V in cyclic voltammetry indicates the 

formation of Pb monolayer on the nanoporous Au electrode, while the same peaks 

in the scan direction of -0.2 V to 0.8 V indicates the stripping of Pb from the 

nanoporous Au electrode. By integrating the current for the formation or stripping 

of the Pb monolayer from the cyclic voltammogram, the SA of the nanoporous Au 

electrode could be determined. 

Two peaks appear in the voltammogram, which corresponds to UPD of Pb 

onto Au(111) and Au(100), showing that the UPD potential is sensitive to the 

crystal face of the Au as well. The total charge passed during the deposition or 

stripping of Pb (both peaks) is proportional to the SA of the Au. This approach has 

been used successfully to measure the SA of important metals, such as Platinum 

and Ruthenium.76 

1.5.2.  Ligand adsorption method.  This method is also important for SA 

determination of NPs. The method is employed in the case of solution phase NPs. 

In this method the NPs in the solution phase whose SA is to be determined is 

mixed with a known quantity of a ligand that adsorbs on the NPs. For example, in 

the case of thiol ligands, the ligands bind to the NPs via Au-S interaction. After 

mixing a specified amount of Au NPs with a known quantity of ligands, the amount 

of ligands retained by the Au particles is determined from the difference between 

the amount of thiol in the fresh solution compared to that of the one with NPs. The 
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methodology is demonstrated in Figure 1.3. This method has been successfully 

used for the determination of SA of Au NPs and can be employed for other metal 

NPs. 

Figure 1. 3. Schematic representation of the principle involved in the determination 

of SA (SA) by the ligand adsorption method. The ligands are adsorbed on the NPs 

and the SA of the NPs is determined from the difference between the amount of 

ligands in the fresh solution compared to that of the one with NPs 

1.5.3.  The Brunauer–Emmett–Teller (BET) adsorption method.  This 

method for SA determination relies on the adsorption of gas molecules (adsorbate 

molecules) on the surface of the materials or the nanostructures whose SA is to 

be determined (adsorbent molecules) as shown in Figure 1.4.  
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Figure 1. 4. Schematic representation of the principle involved in the determination 

of SA by the BET adsorption method. 

In the end, besides the total SA, BET can give BET SA, which is the SA per mass 

or SA/V if you convert mass into volume using the density. The BET adsorption 

method has been used successfully for determining the SA of metal NPs.77-78 

The method uses inert gases such as N2, which do not react with the 

material whose surface is to be determined. Another advantage of using N2 gas is 

its availability in highly pure form and strong interactions with the majority of 

materials. Usually, in order to overcome the problem of weak interaction of the gas 

with the materials, the surface is cooled using liquid N2 to obtain detectable 

amounts of adsorption. Typically, a specified amount of nitrogen gas is passed 

through a sample cell and a condition of relative pressure less than atmospheric 

pressure is achieved by creating a partial vacuum. There is no more adsorption 

after the saturation pressure.  The sample material is removed from nitrogen 

atmosphere after the adsorption layer is formed and is heated to release the 

adsorbed nitrogen, which then is quantified. The data is observed in the form of a 

BET isotherm, which is a plot of the amount of gas adsorbed as a function of the 
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relative pressure. The BET equation below uses the information from the 

adsorption isotherm to measure the SA of the sample.  

1.6. Size-Dependent Oxidation and Stability of Metal NPs 

The oxidation of metal NPs is a size dependent phenomenon. Earlier 

theoretical work on size dependent oxidation of metal NPs include the work by 

Henglein79 and Plieth.80 Henglein described the particle size dependence of the 

standard redox potential of metal NPs. He showed that the standard 

oxidation/reduction potential (Eo) for bulk Ag shifts from 0.799 V to -1.8 V for a 

single Ag atom. Later, Plieth developed theoretical equations to explain the shift in 

E0 of metal particles with a decrease in size from bulk size to smaller size.  He 

predicted that the shift is proportional to the reciprocal of radius (1/r). The equation 

derived by Plieth showing the relationship between the shift in oxidation potential 

and particle radius is  

                                                   ΔED = - 2ɣVM/zFr 

Where ΔED is shift in oxidation potential between the bulk metal and NPs of a 

specific size, Ɣ is surface stress, VM is molar volume, z is the number of electrons 

passed for oxidation of a single atom, F is Faraday’s constant, and r is NP radius. 

Hence, the shift in redox potential of small metal NPs from their bulk form is 

proportional to the ratio of surface tension (or stress) to that of the radius (Ɣ/r). To 

explain in simple words, with a decrease in size the oxidation potential of metal 

NPs shifts to more negative values compared to their bulk analogues.  



 
 
 

20 
 

Later, researchers attempted to correlate the theoretical results of size 

dependent oxidation with experimental results. For example, Brainina and 

coworkers81 discussed theoretical studies for oxidation of metal NPs and also 

performed experimental work in which they showed that metal NPs oxidize at a 

potential less positive than their bulk metal forms. Brainina and coworkers82 also 

observed experimentally that the substrate onto which the metal NPs are 

assembled can also affect their electrochemical behavior. They reported that the 

interaction between the metal NPs and the electrode onto which they are 

assembled affects their oxidation, which is observed in the form of a potential shift.  

A positive shift was observed in the case of strong interactions between metal NPs, 

while the electrooxidation of NPs occurred at a lower potential as compared to the 

bulk metal in the case of metal NPs assembled onto an inert electrode surface. 

Thus, the electrooxidation of metal NPs was found to be shifted negatively as 

compared to the bulk metal. Sieradzki and co-workers83 observed a size 

dependent oxidation of Pt NPs using scanning tunneling microscopy (STM), 

discovering that Pt NPs of 1-3 nm in size dissolve well below their the bulk 

dissolution potential.  Buttry and coworkers84 observed a size-dependent shift in 

oxidation potential for anodic dissolution of water-soluble Pd NPs and observed 

their results to be in excellent agreement with the Plieth model, except for NPs less 

than 1 nm in size.  

Our group used anodic stripping voltammetry (ASV) to study the size 

dependent oxidation of Au and Ag NPs. Ivanova and Zamborini85 studied the 

oxidation of different sizes of Ag NPs. They observed that the oxidation potential 



 
 
 

21 
 

of Ag NPs increased to more positive values with an increase in the size of Ag 

NPs. The oxidation potential shifted from 275 mV for 8 nm Ag NPs to 318 mV, 354 

mV and 382 mV for 20 nm, 30 nm and 40 nm Ag NPs respectively, versus an 

Ag/AgCl reference electrode. Ivanova and Zamborini86 also studied the oxidation 

of different sizes of Au NPs in KBr electrolyte at potentials quoted versus Ag/AgCl 

reference electrode showed that with a decrease in the size of the NP, the 

oxidation potential shifted to a negative value. Specifically, the average oxidation 

potential of Au NPs shifted from 913 ± 19 mV for 250 nm Au NPs to 734 ± 1 mV 

for 4.1 nm Au NPs. The correlation of their experimental results to the theoretical 

Plieth plot demonstrated excellent agreement between them. Masitas and 

Zamborini demonstrated that the oxidation potential of 1-2 nm diameter Au NPs 

shifted to 850 mV negative as compared to the oxidation potential of bulk Au.  

Recently, Pattadar and Zamborini studied the oxidation potential of 1.6 nm Au NPs 

coated with a weak stabilizer, tetrakis(hydroxymethyl)phosphonium chloride 

(THPC) and observed that these NPs oxidized at 250 mV negative from that of the 

citrate-coated 4.1 nm Au NPs. They also observed differences in the reactivity and 

stability of 1.6 nm and 4.1 nm Au NPs.  The 1.6 nm Au NPs showed higher 

electrocatalytic activity towards CO2 reduction compared to 4.1 nm Au NPs 

however they were unstable to repetitive oxidation and reduction cycles in acidic 

solution while 4.1 nm Au NPs were stable under these conditions. This work 

besides showing the size dependent oxidation of metal NPs also showed the 

differences in stabilities and reactivities of metal NPs with a change in their size. 

In our work we aim to understand the role of SA/V on their oxidation behavior. 
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SA/V can be useful to understand the oxidation behavior of some unexplored metal 

nanostructures such as porous and aggregated NPs and to understand the role of 

assembly methods (which brings about changes in SA/V) on their peak oxidation 

potential (Ep) in ASV. 

1.7. Importance of SA-to-Volume Ratio (SA/V) in the Analysis of Metal NPs  

Metal NPs have been widely used for different applications such as 

catalysis, sensing, nanoelectronics, imaging, therapeutics, and plasmonics. For 

the majority of these applications, the size of the metal NPs plays a key role. 

Smaller sized NPs usually show superior performance for catalytic and sensing 

applications due to their higher SA/V compared to bigger sized NPs or bulk 

materials. Considering this importance of SA/V, which is one of the relevant 

geometrical values associated with metal NPs, it is useful to measure the SA/V 

and correlate it to various fundamental properties of the metal NPs in order to use 

those properties for different applications. As mentioned already, various 

approaches such as under potential deposition, ligand adsorption method and BET 

adsorption method have been employed to measure the SA of metal NPs. Also, 

there are a few reports on the measurement of SA/V of bulk porous materials. 

However, there are hardly any methods available for measuring the SA/V for 

nanoparticulate systems, either porous or non-porous, especially for those 

confined to an electrode surface. SA/V is very important as it considers the volume 

information of the NPs. This volume contribution in addition to their SAs is very 

important for relating their properties and assessing their usefulness for various 
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applications such as catalysis, sensing and biomedical applications. It is possible 

that two NP-coated electrode surfaces with different-sized NPs could have the 

same SA due to a different loading of NPs on the electrode.  They could have 

similar behavior, but without volume information, it would not be possible to 

determine which electrode was better in terms of activity per amount of material.  

Measuring the SA only would not provide the full information to assess the 

material.  A less active material could appear more active simply because it had 

more volume of material on the electrode. 

This dissertation describes the measurment of SA/V of NPs on an electrode 

surface by a very simple two-step approach using cyclic voltammetry (CV) followed 

by anodic stripping voltammetry (ASV).  In the case of Au NPs, the reduction peak 

in a surface oxidation-reduction cycle in CV in acidic solution is directly related to 

the surface atoms and is thus indicative of the SA of the NPs. In ASV, the complete 

oxidative dissolution of all NPs using a suitable electrolyte (halide containing in 

case of Au NPs) is indicative of the total V of the NPs. This ratio of the reduction 

peak in CV and the oxidation peak in ASV gives the total electrochemical SA/V of 

the electrode-confined NPs.  The development of this approach and application of 

it to characterize NP size, aggregation, assembly methods, and porosity are the 

main contributions of this dissertation.  The following sections introduce these 

applications. 

    1.7.1.  Electrochemical SA/V for Size Analysis of Metal NPs.  Measuring 

the SA/V of a metal NP sample can be a good alternative to other methods for the 
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analysis of spherical-shaped NPs. In the case of electrode-attached spherical-

shaped NPs, the total SA (n4πR2) to volume (n(4/3)πR3) ratio of surface-attached 

NPs is given by  

SA/V = (n4πR2)/(n(4/3)πR3) = 3/R 

where is the total number of nanospheres on the electrode surface and R is the 

radius of the metal nanosphere. Using this relation, the radius of the spherical-

shaped NPs can be measured from which its diameter (size) can then be 

determined. This is shown schematically in Figure 1.5 and is the focus of Chapter 

III of this dissertation. When this ratio is correlated to a spherical geometry having 

the theoretical values of 3/R, the R of the nanoparticle can be measured 

electrochemically. The size determination of metal NPs using this simple 

electrochemical SA/V is very useful due to its simple operation and cost 

effectiveness.  The approach has been used to analyze the size of Au NSs 

successfully.87-88  
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Figure 1. 5. Schematic representation of the principle involved in the determination 

of SA/V of Au NPs for determining their average size.  

 

1.7.2. Electrochemical SA/V for Aggregation Analysis of Metal NPs.  

The aggregation state of metal NPs plays an important role in various areas and, 

in fact, has shown advantages over their non-aggregated counterparts for various 

applications, such as certain catalytic reactions and in biological applications. For 

instance, Kim and coworkers89 found that partially aggregated Au NPs enhanced 

the reaction rates of 4-NP after irradiation with light as compared to monodisperse 

NPs, due to their higher photon-to-heat conversion efficiency caused by their 

broad absorption bands across the visible to near-IR region. Special aggregated 

states such as the dimeric and trimeric forms possess interstitial hot spots that 
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enhance Raman scattering or fluorescence signals, improving the detection of 

analytes of interest through spectroscopy and sensing.90   

 Lakowicz and coworkers91 found a 13-fold increase in the fluorescence 

signal for Cy5-labelled oligonucleotides sandwiched between a metal dimer 

compared to the monomer form. Kotov and coworkers92 developed controlled 

assemblies (aggregates) of NPs with DNA oligomers which can potentially act as 

cellular “drones” for detecting metabolic products that governs cellular activities. 

Lin and coworkers93 observed improved sensitivity to refractive index for trimers 

over their individual counterparts. Bonham and coworkers94 developed dimeric Au 

NPs using DNA duplexes which contained a recognition site for a specific DNA-

binding protein and used them to study DNA-protein interactions. With such useful 

applications, it makes sense to characterize these aggregated states in NPs in 

order to better understand their fundamental properties such as stability, oxidation 

behavior and collision frequency with electrode surfaces. There are reports on the 

positive shift in the peak oxidation potential (Ep) in the ASV of aggregated metal 

NPs as compared to well-isolated, non-aggregated metal NPs.  

Electrochemical SA/V is another good alternative to Ep measurements as it 

gives information about the SA contribution besides the V of these aggregate 

states of metal NPs and is helpful to better understand their fundamental oxidation 

properties.95 The SA/V is determined by a similar approach as that of non-

aggregated metal NPs (Figure 1.6) as described in Chapter IV. 
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Figure 1. 6. Schematic representation of the steps for the determination of SA/V 

of different aggregated states of Au NPs. The aggregates of Au NPs are formed 

after addition of acid (perchloric acid), which causes the neutralization of citrate 

group on the NPs. The aggregated NPs are then assembled on glass/ITO to 

measure SA/V.  
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1.7.3. Electrochemical SA/V Determination of Metal NPs Assembled by 

Different Assembly Methods on Glass/ITO Electrode. 

 

  For their varied applications, metal NPs are assembled on the surface of 

different substrates or electrode materials by different assembly methods. The 

interactions of the metal NPs with different electrode materials or assembled by 

different assembly methods alter their behavior due to differences in surface 

energies which is related to their SA/V.96 This is evident from differences in their 

stabilities on different electrode materials97 and for different assembly methods. 

This is experimentally studied by observing differences in their Ep in ASV, but it is 

not clear how or if that relates to their SA/V. However, if the SA contribution is 

considered along with the total V information for NPs assembled by different 

methods (Figure 1.7), it would provide valuable fundamental information about 

what controls NP oxidative stability and provide practical information needed to 

optimize the metal NP-supported electrode surface for maximum performance and 

stability for electrocatalysis and electrochemical sensing applications. Chapter V 

focuses on electrochemical SA/V measurements and the correlation to their 

oxidative stability (Ep) for metal NPs assembled as shown in Figure 1.7.   
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Figure 1. 7. Schematic representation of different assembly methods of NPs on 

electrode surfaces. 
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  1.7.4. Electrochemical SA/V for Analysis of Porous Metal NPs.   

 

Porous nanostructures have recently gained special interest for various 

applications such as catalysis, biosensing, and energy storage due to their large 

reaction SA/V. Different approaches have been employed for synthesizing porous 

bulk or nanostructured metals. These include etching of bulk metal electrodes,98-

99 electrodeposition,100-101 and selective dealloying of a less noble metal in a metal 

NP alloy.102-103 Snyder and coworkers104 de-alloyed AgAu alloys in neutral pH 

AgNO3 solution to form porous nanostructures having SA three times greater than 

those formed by dealloying in nitric acid solution. Zhang and coworkers105  

prepared Au-based nanoboxes and nanocages having controlled porosity by 

dissolving Ag from Au-Ag alloy nanoboxes using H2O2. These dealloyed 

nanoboxes and nanocages had high SA and were also useful to detect H2O2. Kim 

and coworkers106 synthesized highly porous Au core/porous shell NPs (CPS NPs) by 

selectively dissolving Ag atoms from Au/Au–Ag core/alloy shell NPs. The CPS NPs 

showed very short induction time, low activation energy, high conversion rate constant 

and high turnover frequency due to their catalytically active porous shells, which 

contained surface defects, ultra-high porosity and photothermal properties. There are 

methods available, such as BET, for determining the SA of these porous 

nanostructures  in order to correlate the measured SA/V with their function and 

stability in different applications.107-108 The mass (or volume) must be known by some 

other method, however, to determine the SA/V.  It is critical to know the mass (or 

volume) since the SA/V determines the surface energy and stability properties.  SA is 

useless without knowing the V.  Also, knowing SA/V is critical because it normalizes 
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the active area to the total amount of material, which is very important to know for cost 

reasons.  It is desirable to obtain the most SA for the least amount of total material to 

keep the cost low. Our electrochemical approach for measuring SA/V allows 

measuring both in a simple, fast, low cost manner, providing a useful 

measurement that is important for understanding the stability and applications of 

porous nanostructures.  Figure 1.8 illustrates the preparation of porous NPs and 

the electrochemical measurement of their SA/V, which is the focus of Chapter VI 

of this dissertation.  An advantage of this approach is that it occurs directly on the 

electrode surface and prior knowledge of the amount of material or density is not 

needed. 

 

Figure 1.  8.  Schematic representation of selective dealloying of core shell/mixed 

alloys of AuAg system for formation of porous Au nanostructures and 

determination of SA/V of the porous Au nanostructures. The AuAg alloys or core 
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shell nanostructures are formed by chemical synthesis, assembled on electrode 

surfaces, and dealloyed to remove Ag from them (Step I). After this, the SA/V of 

the Au nanostructures remaining on the electrode surface is determined 

electrochemically (Step II). 
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CHAPTER II 

                                            EXPERIMENTAL METHODS 
 

This chapter describes the experimental procedures involved in this 

dissertation. Figure 2.1 shows the general scheme of experiments involved in this 

work. The steps include preparation of the electrode, synthesis of Au nanospheres 

(NSs), attachment of Au NSs to the electrode material, and characterization by 

photospectroscopy, microscopy and electrochemical techniques.  
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Figure 2. 1. General scheme of the experimental procedures involved in this 

dissertation. 

2.1.  Indium-Tin-Oxide-Coated Glass Electrodes (glass/ITO). 
 

Indium-tin-oxide (ITO or tin-doped indium oxide) is comprised of indium (III) 

oxide (ln203), usually 90% by weight, and tin (IV) oxide (SnO2), usually 10% by 

weight. Owing to its electrical conductivity and optical transparency, it is widely 

used for electrochemical and solar cell applications. In our case we used 

unpolished float (soda - lime) glass coated ITO slides (Delta Technologies, LTD) 

as an electrode to carry out the electrochemical experiments and to perform UV -

Vis measurements on Au NSs attached to it. These ITO coated slides have a 

surface roughness of <0.2 Ilm/20 mm and are coated either on one or both sides 

of the glass, with a resistance of 8-12 ohms. For using them as electrodes, the 

slides were cut using a diamond pen into 25x7 mm slices followed by cleaning by 

sonicating in three solvents (acetone, ethanol, and 2-propanol) for 20 minutes in 

each. Finally, they are dried under a N2 stream before being used for the 

experiments.   

2.2.   Chemicals and Reagents 
 

HAuCl4·3H2O was synthesized from metallic Au (99.99%) in our lab.  

Sodium borohydride, hydrogen peroxide (30 wt.%), (3-aminopropyl) 

triethoxysilane (≥ 98.0%), 2-propanol (ACS reagent), Silver nitrate (ACS reagent, 

≥ 99.0%) and hydrogen peroxide solution (Sigma-Aldrich 30 wt %) were purchased 

from Sigma Aldrich.  Ethyl alcohol and acetone (ACS/USP grade) were purchased 
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from Pharmco-AAPER.  Trisodium citrate salt, potassium perchlorate (99.0-

100.5%), potassium bromide (GR ACS), and perchloric acid (60%) were 

purchased from Bio-Rad laboratories, Beantown Chemical, EMD, and Merck, 

respectively. Tetrakis(hydroxymethyl)phosphonium Chloride (80% solution in 

water) was purchased from ACROS ORGANICS. Sodium hydroxide (solid) was 

purchased from Fisher Scientific.  Carbon Vulcan (>99%) was purchased from Alfa 

Aesar and acetonitrile from Honeywell Burdick and Jackson (HPLC grade). NANO 

pure ultrapure water (Barnstead, resistivity of 18.2 MΩ-cm) was used to prepare 

all aqueous solutions.  

2.3.  Aqua Regia Solution  
 

Aqua regia solution is a mixture of nitric acid (HNO3) and hydrochloric acid 

(HCl) in a 3:1 ratio, respectively. It is commonly used to clean glassware and clean 

off organic residues. The preparation of aqua regia and it’s use to clean the 

glasswares is performed under the hood. The glassware was cleaned by aqua 

regia by filling them with the aqua regia and then rinsed with nanopure water 

several times before being used for the experiments.  

2.4.  Au and AuAg Alloy Nanosphere Synthesis 
 

2.4.1. Synthesis of 1.6 nm Average Diameter THPC-Stabilized Au 

Nanospheres (NSs).   

 

We synthesized 1.6 nm diameter THPC-stabilized Au NSs using the 

procedure described by Duff and co-workers.109 Briefly, 500 µL of 0.2 M NaOH 
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solution was added to glass vials containing 15.16 mL of nanopure water followed 

by the addition of 400 µL of the reducing agent THPC (200 µL of 80% THPC diluted 

to 16.66 mL of nanopure water). Finally, 660 µL of 25 mM HAuCl4·3H2O was 

added to the vials with constant stirring.  After the addition of HAuCl4·3H2O, 

immediately an orange-brown color formed in solution, indicative of small Au NPs.  

 2.4.2. Synthesis of 4 nm Average Diameter Citrate-Stabilized Au NSs.   

  

 We synthesized 4 nm average diameter Au NSs as described by Murphy and 

co-workers.110  The method involved the addition of 0.5 mL of 10 mM HAuCl4.3H2O 

and 0.5 mL of 10 mM trisodium citrate to 20 mL of water followed by the addition 

of 0.6 mL of ice-cold 10 mM NaBH4 at once with rapid stirring for 2 hours.  After 

the addition of NaBH4, the solution turned red immediately indicating the formation 

of NSs. Figure 2.2 below illustrates the procedure involved in the synthesis of 4 

nm diameter citrate-coated Au NPs. 
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Figure 2. 2. Procedure involved in the synthesis of 4 nm diameter citrate-coated 

Au NPs. 

  2.4.3. Synthesis of 15 nm Average Diameter Citrate-Stabilized Au NSs.  

15 nm average diameter Au NSs were synthesized by a modified Turkevich 

method.111  Briefly, 500 µL of 0.01 M HAuCl4·3H2O was added to 17.0 mL of 

nanopure water and heated to boiling.  Immediately after boiling, 2.5 mL of 0.01 M 

citric acid, trisodium salt solution was added and the solution was stirred for 10 

minutes.  Finally, the resulting solution was stirred for another 15 min at room 

temperature and allowed to cool.  At this point, the solution turned to a bright red 

color indicating the formation of Au NSs.  Figure 2.3 below illustrates the synthesis 

of 15 nm Au NSs by the citrate reduction method. 
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Figure 2. 3. Procedure for the synthesis of 15 nm Au NSs by the citrate reduction 

method. 

 

2.4.4. Synthesis of 32, 50 and 70 nm Average Diameter Citrate-Stabilized Au 

NSs.  

  We used the seed-mediated growth method described by Wang and 

coworkers112  to prepare fairly monodisperse citrate-stabilized Au NSs that were 

32, 50, and 70 nm in average diameter.  For 32 nm diameter NSs, 5 mL of 30 

weight % H2O2 was added to an aqueous solution containing 4.90 mL of nanopure 

water, 20 µL of 25 mM HAuCl4 
. 3H2O and 25 µL of 38.8 mM trisodium citrate under 

stirring immediately followed by injection of 100 µL of 15 nm diameter Au NSs with 
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continued strirring.  After the addition of 15 nm diamter Au seed NSs, the color of 

the solution changed within 1 min to a pink red color, suggesting the formation of 

larger Au NSs.  We synthesized 50 nm diameter Au NSs by the same procedure, 

but by adding 33 µL of 25 mM HAuCl4 
. 3H2O and 50 µL of 15 nm diameter Au 

NSs.  We synthesized 70 nm diameter Au NSs by adding 50 µL of 25 mM HAuCl4 

. 3H2O and 25 µL of 15 nm diameter Au NSs. Figure 2.4 below illustrates the 

procedure for the seed-mediated growth of citrate-coated Au NPs by H2O2 

reduction. Figure 2.4 below illustrates the scheme for seed-mediated growth of 

citrate coated Au NPs by H2O2 reduction method 

 

Figure 2. 4. Procedure for the seed-mediated growth of citrate-coated Au NPs by 

H2O2 reduction. 

 

2.5 Electrode Functionalization and Nanoparticle Attachment to Glass/ITO 
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2.5.1. Functionalization of glass/ITO electrodes with 3-

aminopropyltriethoxysilane (APTES).  

Glass/ITO electrodes were cleaned by sonication in acetone, ethanol, and 

2-propanol for 30 min in each solvent before drying under N2.  The glass/ITO 

electrodes were then functionalized with APTES by immersing into a solution 

containing 100 µL of APTES, 10 mL of 2-propanol, and 2 to 3 drops of nanopore 

water and heating at 85-90o C for 30 min.  After 30 min, the electrode was 

thoroughly rinsed with 2-propanol and dried under N2.  Figure 2.5a (left electrode) 

illustrates the functionalization of a glass/ITO electrode with APTES. 

2.5.2. Attachment of Au NSs to glass/ITO functionalized with APTES 

linker.  The glass/ITO electrodes functionalized with APTES were soaked in a 

solution of NPs for a specific duration of time until a desired coverage of NPs were 

attached to the electrodes. Figure 2.5a below illustrates the attachment of Au NSs 

to glass/ITO through APTES.   

2.5.3. Attachment of Au NSs to glass/ITO by drop cast deposition.  Au 

NSs were drop cast deposited onto glass/ITO by dropping 25 L of a Au NS 

solution onto the electrode surface and allowing it to air dry. Figure 2.5b below 

shows the attachment of Au NSs through drop cast deposition onto glass/ITO.  
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Figure 2. 5. Attachment of Au NSs to glass/ITO through (a) APTES and (b) drop 

cast deposition. 

 

2.5.4. Electrophoretic deposition (EPD) of Au NPs directly on 

glass/ITO.  Glass/ITO electrodes were cleaned by sonication for 20 min each in 

acetone, ethanol, and 2-propanol before drying under N2. Au NPs were then 

electrophoretically deposited onto the clean glass/ITO working electrode using a 

CH Instruments (Austin, TX) 660A electrochemical workstation in chrono-

coulometry mode with a gold foil connected with both counter and reference 

electrode. The composition of the EPD solution consisted of 5 mL of Au NPs + 5 
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mL of 0.1 M HQ + 10 mL of H2O. A fixed positive potential of 0.8 V, 1.2 V, 2.0 V, 

2.2 V and 2.5 V corresponding to 4 nm, 15 nm, 32 nm, 50 nm and 70 nm was 

applied to the glass/ITO immersed in this solution relative to the Au foil which drives 

the negatively-charged Au NPs to the positive glass/ITO electrode by 

electrophoresis. The deposition mechanism involves catalytic oxidation of 

hydroquinone (HQ) which releases protons and neutralizes the negatively-charged 

citrate groups on the Au NSs, leading to their deposition onto the glass/ITO 

electrode.  Figure 2.6 below illustrates the EPD set-up of Au NSs on glass/ITO.  

The 1.6 nm Au NSs were attached to the glass/ITO electrode by directly soaking 

the glass/ITO in the NPs solution since EPD was not possible on those positively-

charged NSs. 
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Figure 2. 6. Scheme showing the set-up for the electrophoretic deposition (EPD) 

of Au NSs on glass/ITO. 

 

2.6. Characterization and Instrumentation  
 

2.6.1. Electrochemical Methods.  This section describes the setup of the 

electrochemical cell and the different electrochemical techniques used for this 

work. The general set up showing the basic components of the electrochemical 

cell is as shown in Figure 2.7 below. The basic components include three 

electrodes immersed in a beaker containing electrolyte connected to a potentiostat 

and a computer used for collection and analysis of the data. The three electrodes 

include working, reference and counter electrodes and are as follows:  
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1) Working electrode – This is the electrode where the electrochemical reaction of 

interest takes place.  

2) Reference electrode – This is an electrode with a known potential, and it acts 

as a reference to measure and control the potential of the working electrode. 

Current does not run through it, allowing it to maintain the potential.  

3) Counter electrode – This electrode is used to close the circuit. It is used to pass 

the current required to balance the current at the working electrode.   

Figure 2. 7. Illustration of the electrochemical set up. 

In our work, we used metal NSs assembled by different assembly methods to the 

glass/ITO as the working electrode, Ag/AgCl (3M KCl) as the reference electrode 

and a Pt wire as the counter electrode. We varied the electrolyte based on the 

requirements of our experiments. It is specified in the corresponding experiment.   
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 The potentiostat is an electronic instrument used to perform the 

electroanalytical experiments. The potentiostat is used to control the potential 

between the working and reference electrodes and also to measure the current 

flowing through the working and counter electrodes as a function of potential or as 

a function of time at a constant potential. For our work, we used a CH Instrument 

(Austin, TX) 630C electrochemical workstation for performing electrochemical CV 

and ASV. 

2.6.1.1. Anodic Stripping Voltammetry (ASV).  ASV involves 

measurement of the current at the working electrode as the potential between the 

working and the reference electrode is swept linearly with time. It thus measures 

the current as a function of potential.  For our work we scanned the potential from 

a lower limit to upper limit or vice versa. The analyte undergoing oxidation or 

reduction at a specific applied potential was measured as current at that potential, 

leading to a peak in the plot. The ASV peak gives information about the 

thermodynamics of the reaction, rate of electron transfer, and the species 

undergoing oxidation/reduction.  ASV also provides the concentration of the 

electroactive species.  Integration of the peak produced by the current from an 

oxidation or reduction of the electroactive species provides the total charge (Q) in 

Coulombs that was passed during the reaction. The amount of charge transferred 

at the working electrode is proportional to the concentration of the electroactive 

species oxidized/reduced at the surface of an electrode and this follows Faraday’s 

1st law. This law is as follows: 

                                                  mol = Q/nF  
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where mol denotes number of moles of electroactive species being oxidized or 

reduced, Q is the amount of electric charge in Coulombs passed through the 

working electrode during the oxidation or reduction reaction, F is Faraday’s 

constant (96,500 C/mole), and n is the number of electrons transferred per 

molecule. 

In our work we used ASV to analyze the size, aggregation, effect of 

assembly methods and electrode materials and porosity of metal NPs with the 

case of Au metal NSs.  Figure 2.8 represents a typical ASV of 15 nm Au NSs 

attached to a glass/ITO electrode through an APTES linker. The ASV was 

performed at a scan rate of 1 mV/s in a mixture of 0.01 M KBr plus 0.1 M KClO4 

solution. The potential was scanned from an initial potential of -0.2 V to a final 

potential of 1.2 V. A peak at 760 mV indicates oxidation of Au in this Br- containing 

solution to the soluble AuBr2
- and AuBr4

- complex ions. The oxidation occurs by 

the following two reactions.  

Au0
 

+ 4Br-
                   

AuBr4
- + 3e- (E0 = 0.85 V vs. NHE)     

Au0
 

+ 2Br-
                    

AuBr2
- + e- (E0 = 0.96 V vs. NHE)      

As discussed above the integration of the peak for oxidation of Au gives 

information about the concentration of Au NSs on the surface of the glass/ITO. The 

peak potential for oxidation (Ep) is related to the thermodynamics of the oxidation 

process (E0).  ASV can be used to analyze important properties of metal NSs.113-

115 
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Figure 2. 8. Important parts of the anodic stripping voltammogram of Au NSs 

attached to glass/ITO. 

 

 2.6.1.2. Cyclic voltammetry (CV).  CV is another important 

electrochemical method that is used to analyze electroactive species. The method 

measures the oxidation and reduction of the electroactive species.  In CV a specific 

potential applied at the working electrode is swept at a certain rate and the current 

is measured as a function of potential.  The electroactive species is subjected to 

potential scans at which they do not undergo any electrochemical reactions to a 

potential where they undergo redox reactions.116 Figure 2.9 shows a typical CV of 

15 nm Au NSs attached to a glass/ITO electrode obtained in a 0.1 M HClO4  
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Figure 2. 9. Cyclic Voltammogram in 0.1 M HClO4 of 15 nm Au NSs attached to 

glass/ITO. 

electrolyte solution.  As labeled on the plot, Ep,a is the potential for maximum anodic 

current obtained on the forward scan from 0.0 V to 1.5 V, corresponding to the 

oxidative formation of a thin Au2O3 layer on the Au NS surface.  Ep,c is the potential 

of maximum cathodic current formed on the reverse scan from 1.5 V back to 0.0 

V, corresponding to the reduction of the Au2O3 formed during the forward scan.  

The reversible oxidation-reduction process occurs in CV by the following reaction. 

                                                 Au2O3 + 6H+ + 6e- ⇋ 2Au + 3H2O 

We used this type of analysis in the calculation of the SA of the Au NSs.                     
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2.6.1.3. Chronocoulometry (CC).  In a chronocoulometric electrochemical 

experiment, a specific potential step is applied to a working electrode and the total 

charge (Q) versus time is measured for electrochemical processes occurring at the 

working electrode. The Q is determined by integrating current with time for an 

applied potential step. In this electrochemical technique a potential step is applied 

from a starting potential where there is no electrolysis to a point where oxidation 

or reduction of the electroactive species occurs in the electrolyte.  In our work, we 

used CC for EPD of Au NPs of different sizes on the glass/ITO surfaces. We 

stepped to a specific potential depending upon the size of the Au NSs to be 

deposited. Larger sized NSs required higher potential. Figure 2.10 shows a typical 

CC plot obtained during the EPD of Au NSs. 

Figure 2. 10. Typical chronocoulometric curve for electrodeposition of Au NSs 
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 2.6.2. Ultraviolet-Visible Spectroscopy (UV-vis).  UV-vis spectroscopy 

relates the transmittance T of a sample to its absorbance by Beer’s-lambart law. 

For our work we used a Varian Cary 50 Bio UV-visible Spectrophotometer for 

measurement of UV-vis spectra. We obtained UV-vis spectra of Au NPs in solution 

as well as those attached to glass/ITO. For the solution phase samples, we placed 

the NP solution in a quartz or plastic cuvette, while we used the glass/ITO coated 

with Au NPs for surface-attached NPs.   The samples were scanned from 900 nm 

to 300 nm and the absorbance measured as a function of wavelength.  The 

transmittance of the samples of Au NPs in solution and the one’s attached to 

surfaces were measured as the intensity of light that passes through the sample 

and denoted as I. The intensity of light that passes through the blank medium, 

water in the case of NPs in solution and glass/ITO without NPs in the case of 

electrode-attached NPs, is denoted as I0. The ratio of I/I0 is called transmittance, 

T. The absorbance is calculated using a relation A= ebc.  Figure 2.11 shows a UV-

vis spectrum of 15 nm Au NSs in aqueous solution. 
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Figure 2. 11. UV-vis spectroscopy of 15 nm Au NSs 

 

2.6.3. Scanning Electron Microscopy (SEM).  Scanning electron microscopy is 

a commonly used and highly powerful tool for analyzing nanomaterials.   In this a 

focused beam of electrons is used to scan the surface of a sample. These 

electrons interact with atoms in the sample which produces various signals that 

contain information about surface topography of the sample. SEM provides useful 

information on shape, size and aggregation of NPs. The typical components of 

SEM include an electron source (gun), electromagnetic lenses, apertures, a high-

vacuum environment, a specimen stage, electron beam scanning coils, signal 

detection and a processing system that provides real-time observation and image 

recording. For our work we imaged the Au NSs attached to glass/ITO using a Carl 

Zeiss STM AG Supra 35VP field emission scanning electron microscope (FESEM) 

operating at a voltage of 15 kV and using an in-lens ion annular secondary electron 

detector. In SEM a beam of electrons hits the specimen surface which emits X- 

rays and three kinds of electrons, namely primary backscattered electrons, 

secondary electrons and Auger electrons. SEM mainly uses backscattered 

electrons and secondary electrons which are then picked up by an electron 

recorder and an imprint is recorded. This information is translated onto a detector 

screen that allows three-dimensional images of the sample surface to be 

represented clearly. Figure 2.12 illustrates the working principle of SEM (top) and 

shows a representative SEM image of 50 nm diameter Au NSs attached to a 

glass/ITO electrode (bottom). 
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Figure 2. 12. Illustration of the working principle of SEM (top) and a typical SEM 

image of 50 nm Au NSs attached to the surface of a glass/ITO electrode (bottom).                                                                                                                                                                                                           
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CHAPTER III 

SIZE DETERMINATION OF METAL NPS BASED ON ELECTROCHEMICALLY 

MEASURED SURFACE AREA-TO-VOLUME RATIO 
 

3.1. Introduction 
 

 Metal NPs (NPs), especially nanospheres (NSs), have been widely used for 

many applications such as catalysis,117 sensing,118 nanoelectronics,119 imaging,120 

therapeutics,121 and plasmonics.122  For their varied applications, the size of the 

metal NPs plays a key role.  Smaller sized NPs usually show superior performance 

for catalytic and sensing applications due to their higher SA-to-volume ratio (SA/V), 

which provides more reactive sites, as compared to bigger sized NPs and bulk 

materials.  Several studies have been performed to analyze the size-dependent 

oxidation and catalytic, optical and electronic properties of various metals such as 

Cu,123 Pd,124 Au,125 and Ag.126  Various techniques have been used to determine 

the size and morphology of metal NPs considering its important relationship with 

the properties of the NPs. 

 Some common methods for NP size determination include UV-vis 

spectroscopy,127  Scanning Electron Microscopy (SEM),128  Atomic Force 

Microscopy (AFM),129 Transmission Electron Microscopy (TEM),9 and Dynamic 

Light Scattering (DLS).130  Despite their wide applicability, all of these methods 

suffer certain limitations.  Electron Microscopy techniques, such as SEM and TEM 

are expensive, time consuming, and may cause NP aggregation during sample 

preparation and/or electron beam damage to the sample during imaging.131  AFM 
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analysis is also fairly expensive, even more time consuming than electron 

microscopy, and the analysis is not straightforward due to tip convolution and the 

effect of agglomeration and self-ordering of NPs on rough surfaces.132  With DLS, 

the signal is usually dominated by larger NPs and the analysis can be susceptible 

to interference from luminescent species.133  UV-vis spectroscopy is only useful 

for plasmonic NPs and only provides a rough estimate of the size. 

 A search for alternative methods for NP size analysis is useful.  Electrochemical 

methods enjoy the benefit of simple operation, low cost, quick analysis time, and 

analysis in the native solution state.  Several electrochemical strategies for NP size 

analysis have been recently reported, where NSs are the most common shape.  

For example, Compton and coworkers used anodic particle coulometry for sizing  

Au134 and Ag NSs135,136 by measuring the charge associated with the oxidation of 

individual NSs as they collide with a microelectrode surface.  The monitoring of 

single NS events is very impressive, but multiple oxidation events for one NS and 

the aggregation of NSs in solution renders the size analysis somewhat 

uncertain.137  Mega and coworkers138 determined the size of Au NSs with very high 

precision by monitoring an ionic current drop as individual NSs translocated 

through a nanopore several times.  Others have also determined the NS size by 

monitoring individual NS events based on collisions with 

microelectrodes18,21,139,140,141 or translocation through a nanopore.142,143  The peak 

spacing corresponding to the quantized double-layer charging of MP-AgNSs 

(Monolayer protected Ag NSs)144 in a differential pulse voltammogram correlated to the 

capacitance, and hence the radius of the NSs.145  A decrease in the magnitude of 
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surface charge for Si NSs59 correlated to an increase in the particle size, which reached 

a constant when the size exceeded a critical value.  While these methods are useful 

and impressive, the techniques using a microelectrode or nanopore require micro 

or nanofabrication methods, which can be challenging to reproduce.  Also, low 

current measuring potentiostats with fast time scales are needed to detect 

stochastic events.  There are also possibilities of the nanopore becoming blocked 

by large or aggregated NSs or very small NSs may not be detectable, which sets 

a size limit to the method.  The techniques based on surface charging are sensitive 

for smaller NSs but then become insensitive to sizes above a critical value, limiting 

the determination of larger sizes. 

 Our group previously correlated the oxidation peak potential (Ep) of NSs to their 

size for an assembly of Au NSs86,146 ranging from 2-250 nm in diameter and Ag 

NSs85 ranging from 8-50 nm in diameter.  The change in Ep with size is based on 

theoretical and experimental studies by Henglein147 and Plieth,148 who predicted a 

negative shift in the thermodynamic standard reduction potential for metal/metal 

ion pairs as the metal NS radius decreases.  Plieth predicted that the magnitude 

of the shift is proportional to 1/radius, which becomes especially large below 5 nm 

diameter NSs.  The Ep also depends on the coverage of the metal NSs on the 

electrode, making it necessary to keep the coverage in terms of total metal (not 

number of NSs) constant for these measurements.  Our group31,32-33 and 

others149,150,151 ,152,84 measured the oxidation potentials as a function of NS radius, 

showing some relative agreement with Plieth theory.  There are also studies 

comparing experiment and theory, taking into account diffusion effects and Plieth 
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theory.40,153,154  It is well accepted that a negative shift in potential occurs with 

decreasing NS size.  Other effects also can play a role, such as the nature of the 

electrode, local surface charge and aggregation in NPs.82,155-156 

 The measurement of SA/V for NS size analysis as described in this work has 

many advantages.  Compared to microscopy methods, it is inexpensive and fast.  

In comparison to individual NS collisions21,23-25 or pore translocation methods,26,27 

the technique does not require micro or nanofabrication or highly sensitive or fast 

current measuring instrumentation.  The signal is large and over a longer time-

scale, but also represents the average of many NSs, so one does not obtain 

information about individual NSs.  Compared to methods correlating the Ep from 

anodic stripping voltammetry to NS size,31,32-33,36,37,38,39 the measurement of SA/V 

is independent of metal NS coverage and it can be used for a much larger range 

of sizes, where Ep is not sensitive to NSs greater than about 40 nm in diameter.33  

The electrochemical determination of SA/V of NSs also has benefits over other 

commonly used methods for SA determination, such as ligand adsorption,157,158  

BET method,159,160 and metal underpotential deposition (UPD).161,75  These 

methods and BET give the SA but not the volume unless you know the sample 

mass and the density of the material.  This would limit you to solid powders that 

can be weighed out or films whose mass is known.  Another issue is that the SA 

from BET and ligand adsorption methods includes the surfaces that the NSs and 

the electrode are assembled onto, which could be a source of error. 

 Our method of determining NS size by measuring SA/V is based on the surface 

oxidation/reduction and electrochemical dissolution of Au.162  The reduction of 
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surface Au2O3 in acidic solution (0.1 M HClO4) in cyclic voltammetry (CV) is 

proportional to the SA while anodic stripping voltammetry (ASV) of Au in halide 

containing acid solutions (0.01 M KBr in 0.1 M KClO4) is proportional to the entire 

volume of the NSs.  By knowing the SA and the V of the NSs from these 

voltammetric methods, the SA/V can be calculated electrochemically.  Considering 

the NSs are spherical in shape, the SA/V is expressed as n[4πr2]/n[(4/3)πr3] = 3/r, 

where n is equal to the number of NSs on the electrode surface and r is the radius 

of the nanosphere.  SA/V is clearly proportional to the NS radius in a 

mathematically predictable way with a theoretical expected slope of 3 for a plot of 

SA/V versus 1/r.  This relation between SA/V and radius is successfully used to 

determine their size electrochemically (r = 3V/SA). 

3.2. Experimental Section 
 

The chemicals, optical characterization, microscopic characterization and 

electrochemical SA/V assessment are described in the experimental procedures 

in Chapter II. 

 3.2.1. Ozone treatment of Au NS samples.  Ozone treatment of samples was 

performed with a Jelight Company Inc. UVO CLEANER model no.42.  
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3.4. Results and Discussion 
 

The as-synthesized Au NSs were attached to glass/ITO/APTES electrodes to 

perform electrochemical experiments to determine the SA and V of the Au NSs as 

shown in Figure 3.1.   

 

Figure 3. 1. Scheme for general experimental procedure followed in this work. 

 

Since the SA/V is equal to 3/radius (r), we expected we would be able to 

accurately calculate the radius by measuring SA and V electrochemically, where r 

= 3V/SA.  As shown in Figure 3.1, citrate-coated Au NSs were synthesized (step 

1) and then electrostatically attached to glass/ITO/APTES electrodes by simple 

soaking (step 2).  Next, cyclic voltammetry (CV) was performed on the electrode-
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attached Au NSs in 0.1 M HClO4 solution by scanning from 0.2 to 1.4 V vs. Ag/AgCl 

(3 M KCl).  The area of the reduction peak in the CV (cathodic current up) provides 

the Coulombs of charge and is proportional to the SA of the Au NSs, as indicated 

by the yellow highlighted region in step 3.  The same sample was then subjected 

to oxidative Au stripping in 0.01 M KBr plus 0.1 M KClO4.  The area under the 

oxidation peak (anodic current down), as indicated by the yellow highlighted 

region, provides the charge associated with oxidative dissolution of all of the Au 

NSs in their entirety, which is proportional to the volume of the NSs (step 4).  The 

oxidation/reduction of Au NSs in 0.1 M HClO4 (reaction 1) and oxidative stripping 

in 0.01 M KBr in 0.1 M KClO4 (reactions 2 and 3) occurs by the following 

reactions.32,51 

 

Au2O3 + 6H+ + 6e- ⇋ 2Au + 3H2O                    (1) 

Au0
 

+ 4Br-
                   

AuBr4
- + 3e- (E0 = 0.85 V vs. NHE)    (2) 

Au0
 

+ 2Br-
                    

AuBr2
- + e- (E0 = 0.96 V vs. NHE)     (3) 

 

However, the three-electron (3e) oxidation is thermodynamically favorable.32 We 

thus considered reaction 2 (three-electron (3e) oxidation) for oxidative stripping of 

Au NSs for determining SA/V. We characterized the size of the synthesized Au 

NSs by UV-vis spectroscopy and scanning electron microscopy (SEM) as shown 

in Figure 1.  Figure 3.2 A shows the UV-vis spectra normalized for absorbance for 

the different sized Au NSs.  The wavelength of the localized surface plasmon 

resonance (LSPR) band for 4 nm, 15 nm, 32 nm, 50 nm and 70 nm citrate-coated 
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Au NSs was located at 505 nm, 517 nm, 528 nm, 536 nm and 545 nm, respectively.  

The LSPR band red-shifted with increasing size of Au NSs from 4 nm to 70 nm, 

which matches well with the literature.50   Figure 3.2B-3.2 F shows SEM images of 

the different sized Au NSs.  The images show that the NSs were well dispersed on  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2. UV-Vis spectra (A) and SEM images (B-F) of 4.1 ± 0.7, 15.1 ± 1.8, 

31.2 ± 1.9, 50.1 ± 3.0 and 70.8 ± 2.7 nm citrate coated Au nanospheres. 
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the glass/ITO/APTES surface and spherical in shape.  The statistical analysis of 

the NSs from SEM images showed the NSs to be 15.1 ± 1.8, 31.2 ± 1.9, 50.1 ± 

3.0, and 70.8 ± 2.7 nm in diameter.  The 4 nm sized Au NSs were difficult to analyze 

by SEM imaging but are of 4.1 ± 0.7 nm based on TEM imaging previously reported 

by our group.32   

 The SA/V ratio was then calculated electrochemically using the procedure in 

Scheme 1 for the different sized Au NSs.  Figure 3.3 A and 3.3 B shows example 

CVs and ASVs, respectively, for 4 nm and 15 nm diameter Au NSs attached to 

glass/ITO/APTES.  The SAs were 1.42 x 10-5 C (Figure 3.3 A, red plot) and 1.46 x 

10-5 C (Figure 3.3 A, blue plot) for 4 nm and 15 nm Au NSs, respectively, while the 

V was 2.33 x 10-5 C (Figure 3.3. B, red plot) and 6.63 x 10-5 C (Figure 3.3 B, blue 

plot) for 4 nm and 15 nm Au NSs, respectively.  The SA was about the same for 

the 4 nm and 15 nm Au NSs in these two samples while the V is much larger for 

the 15 nm Au NSs as expected for larger NSs, which have smaller SA/V.  The 

electrochemical SA/V for these two sizes of Au NSs based on the Coulombs of 

charge for SA and V were 0.640 ± 0.034 and 0.230 ± 0.008 for 4 nm and 15 nm 

Au NSs, respectively. The calculated radii using r = 3V/SA were 4.6±0.2 and 

13.1±0.6 nm, respectively.   
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Figure 3. 3. (A) Cyclic voltammograms of glass/ITO/APTES electrodes coated with 

4 nm (red) and 15 nm (blue) Au NSs in 0.1 M HClO4 showing similar SA based on 

the Au2O3 reduction peak near 0.8 V. (B) Anodic stripping voltammograms of the 
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same glass/ITO/APTES electrodes in (A) coated with 4 nm (red) and 15 nm (blue) 

Au NSs in 0.01 M KBr plus 0.1 M KClO4.  (C) Cyclic voltammograms of 

glass/ITO/APTES coated with 50 nm Au NSs obtained before (blue) and after (red) 

ozone treatment. We conducted the same type of SA/V and corresponding size 

analysis for all of the NS sizes in a similar way for each size.  The results from 4 

trials of each size are provided in Table 3.1. 

Table 3.1.  SEM measured radius, average electrochemically-measured SA/V, and 

calculated radius from SA/V for different sizes of Au NSs with and without ozone 

treatment of the sample. 

Also, all the individual trials for both ozone and nonozone treated samples are 

provided in Tables 3.2 and 3.3.  The SA/V clearly decreased with increasing Au 

NS size as expected but the calculated radii were about a factor of 2 larger than 

the actual radii determined by SEM (see columns 2 and 4).    

 

No. 
of 

trials 

SEM 
measured 
radius of 
Au NSs 

 

Average 
SA/V ± Std. 
Dev without 

ozone 
treatment 

 

Calculated 
radius from 

SA/V without 
ozone 

treatment 
 

Average 
SA/V ± Std. 

Dev 
with ozone 

Calculated 
radius from 
SA/V with 

ozone 
treatment 

 

4 2.0 ± 0.3 
nm 

 

0.640 ±0.034 
 

4.7 ± 0.2 0.75 ±. 0.018 
 

4.0 ± 0.1 
 
 

4 7.5 ± 0.9 
nm 

 

0.230±0.008 
 

13.1 ± 0.6 
 

0.429 ± 
0.030 

 

6.9 ± 1.8 
 

4 15.6 ± 0.9 
nm 

0.095±0.012 31.6 ± 4.2 
 

0.198 ± 
0.020 

 

15.2 ± 1.0 
 

4 25.1 ± 1.5 
nm 

 

0.064±0.007 
 

46.9 ± 5.2 
 

0.123 ± 
0.022 

 

24.4 ± 3.4 
 

4 35.4 ± 1.4 
nm 

 

0.039±0.007 
 

76.9 ± 10.2 
 

0.079 ± 
0.018 

 

37.9 ± 10.9 
 

 

 

Table 3. 1. SEM measured radius of the nanospheres (NSs) (average ± std. dev.), 

charge under the oxide reduction peak and the charge under the anodic stripping 

peaks, SA/V (average ± std. dev.) and calculated radius from SA/V for different sized 

Au NSs without ozone treatment. 

No. 
of 

trials 

SEM 
measured 
radius of 
Au NSs 

 

Average 
SA/V ± Std. 
Dev without 

ozone 
treatment 

 

Calculated 
radius from 

SA/V without 
ozone 

treatment 
 

Average 
SA/V ± Std. 

Dev 
with ozone 

Calculated 
radius from 
SA/V with 

ozone 
treatment 
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Table 3. 2. SEM measured radius of the nanospheres (NSs) (average ± std. dev.), 

charge under the oxide reduction peak and the charge under the anodic stripping 

peaks, SA/V (average ± std. dev.) and calculated radius from SA/V for different 

sized Au NSs without ozone treatment.  

SEM 
Measured 
Radius of 
Au NSs 

(nm) 

CV 
Measured 

SA 
(Coulombs) 

ASV 
Measured 
Volume  

(Coulombs) 

SA-to-
Volume 
Ratio 
(SA/V) 

Average 
SA/V ± 

Std. Dev. 

Calculated 
Radius 

from SA/V  
Without 
Ozone 
(nm) 

2.1 ± 0.4 6.76 x 10-6 
 

1.11 x 10-5 
 

0.610 
 

0.640 ± 
0.034 

 

4.7 ± 0.2 

4.38 x 10-5 
 

6.36 x 10-5 
 

0.689 
 

5.47 x 10-5 
 

8.75 x 10-5 
 

0.625 
 

9.77 x 10-5 
 

1.50 x 10-4 
 

0.651 
 

7.5 ± 0.9 4.97 x 10-5 
 

2.19 x 10-4 
 

0.227 
 

0.230 ± 
0.008 

 

13.1 ± 0.6 
 

2.01 x 10-6 
 

9.23 x 10-6 
 

0.217 
 

1.46 x 10-5 
 

6.29 x 10-5 
 

0.231 
 

1.96 x 10-5 
 

8.06 x 10-5 
 

0.242 
 

 
15.6 ± 0.9 

6.63 x 10-6 
 

6.44 x 10-5 
 

0.103 
 

0.095 ± 
0.012 

 

31.6 ± 4.2 
 

1.54 x 10-5 
 

1.42 x 10-4 
 

0.108 
 

2.48 x 10-6 
 

2.85 x 10-5 
 

0.087 
 

5.31 x 10-6 
 

6.51 x 10-5 
 

0.082 
 

 

 

Table 3. 3. SEM measured radius of the nanospheres (NSs) (average ± std. dev.), 

charge under the oxide reduction peak and the charge under the anodic stripping 

peaks, SA/V (average ± std. dev.) and calculated radius from SA/V for different 

sized Au NSs without ozone treatment.  
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     25.1 ± 
1.5 

1.89 x 10-5 
 

3.86 x 10-5 
 

0.049 
 

0.064 ± 
0.007 

 

46.9 ± 5.2 
 

4.11 x 10-5 
 

1.01 x 10-3 
 

0.041 
 

1.84 x 10-5 
 

4.62 x 10-4 
 

0.039 
 

1.26 x 10-5 
 

3.56 x 10-4 
 

0.035 
 

    35.4 ± 
1.4 

1.89 x 10-5 
 

3.86 x 10-4 
 

0.049 
 

0.039 ± 
0.007 

 

76.9 ± 10.2 
 

4.11 x 10-5 
 

1.01 x 10-3 
 

0.041 
 

1.84 x 10-5 
 

4.62 x 10-4 
 

0.039 
 

 

 

Table 3. 4. SEM measured radius of the NSs (average ± std. dev.), charge under the oxide 

reduction peak and the charge under the anodic stripping peaks, SA/V (average ± std. dev.) 

and calculated radius from SA/V for different sized Au NSs with ozone treatment. 

     25.1 ± 
1.5 

1.89 x 10-5 
 

3.86 x 10-5 
 

0.049 
 

0.064 ± 
0.007 

 

46.9 ± 5.2 
 

4.11 x 10-5 
 

1.01 x 10-3 
 

0.041 
 

1.84 x 10-5 
 

4.62 x 10-4 
 

0.039 
 

1.26 x 10-5 
 

3.56 x 10-4 
 

0.035 
 

    35.4 ± 
1.4 

1.89 x 10-5 
 

3.86 x 10-4 
 

0.049 
 

0.039 ± 
0.007 

 

76.9 ± 10.2 
 

4.11 x 10-5 
 

1.01 x 10-3 
 

0.041 
 

1.84 x 10-5 
 

4.62 x 10-4 
 

0.039 
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Table 3. 5. SEM measured radius of the NSs (average ± std. dev.), charge under 

the oxide reduction peak and the charge under the anodic stripping peaks, SA/V 

(average ± std. dev.) and calculated radius from SA/V for different sized Au NSs 

with ozone treatment.  

SEM 
Measu

red 
Radiu
s of 
Au 

NSs 
(nm) 

 

CV 
Measured 
SA Before 

Ozone 
(Coulombs) 

CV 
Measured 
SA After 
Ozone 

(Coulombs
) 

ASV 
Measured 
Volume 

(Coulomb
s) 
 

SA-to-
Volume 

Ratio 
(SA/V) 

 

Avera
ge 

SA/V 
± Std. 
Dev. 

 

Calcula
ted 

Radius 
from 
SA/V  
With 

Ozone 
(nm) 

 

2.0 ± 
0.4 

4.01 x 10-5 
 

4.93 x 10-5 
 

6.63 x 10-5 
 

0.743 
 

0.75 ± 
0.02 

 

4.0 ± 
0.1 

 3.41 x 10-5 
 

5.35 x 10-5 
 

7.39 x 10-5 
 

0.723 
 

3.04 x 10-5 
 

3.47 x 10-5 
 

4.52 x 10-5 
 

0.767 
 

3.40 x 10-5 3.73 x 10-5 
 

4.90 x 10-5 
 

0.761 
 

7.5 ± 
0.9 

1.17 x 10-6 3.35 x 10-6 9.87 x 10-6 
 

0.339 
 

0.429 
± 

0.030 
 

6.9 ± 
1.8 

 1.17 x 10-6 9.23 x 10-6 
 

1.25 x 10-5 
 

0.439 
 

1.86 x 10-6 6.29 x 10-5 1.52 x 10-5 
 

0.557 
 

1.71 x 10-6 8.06 x 10-5 
 

4.61 x 10-5 
 

0.329 
 

15.6 ± 
0.9 

1.82 x 10-6 
 

9.66 x 10-6 
 

4.63 x 10-5 0.209 
 

0.198 
± 

0.020 
 

15.2 ± 
1.0 

 1.86 x 10-5 

 
3.41 x 10-5 1.57 x 10-4 0.217 

1.75 x 10-5 3.62 x 10-5 1.96 x 10-5 0.185 
 

3.79 x 10-5 
 

5.15 x 10-5 
 

2.51 x 10-4 
 

0.206 
 

 

 

Table 3. 6. SEM measured radius of the NSs (average ± std. dev.), charge under 

the oxide reduction peak and the charge under the anodic stripping peaks, SA/V 

(average ± std. dev.) and calculated radius from SA/V for different sized Au NSs 

with ozone treatment.  
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25.1 ± 
1.5 

8.74 x 10-7 
 

4.26 x 10-6 
 

2.74 x 10-5 
 

0.155 
 

0.123 ± 
0.022 

 

24.4 ± 
3.4 

 7.97 x 10-7 
 

2.46 x 10-6 2.15 x 10-5 
 

0.114 
 

2.11 x 10-5 
 

2.67 x 10-5 
 

2.55 x 10-5 
 

0.105 
 

2.66 x 10-5 5.69 x 10-5 
 

4.89 x 10-4 
 

0.116 
 

35.4 ± 
1.4 

7.70 x 10-7 
 

2.97 x 10-6 
 

3.05 x 10-5 
 

0.097 
 

0.079 ± 
0.018 

 

37.9 ± 
10.9 

 2.09 x 10-5 
 

4041 x 10-5 8.19 x 10-4 
 

0.054 
 

2.39 x 10-6 
 

3.73 x 10-6 
 

4.27 x 10-5 
 

0.087 
 

8.97 x 10-6 
 

6.31 x 10-5 8.10 x 10-4 
 

0.078 
 

 

 

We believed that the discrepancy between the SEM radius and electrochemically-

determined radius was due to a smaller SA value than the true value due to 

impurities or adsorbed citrate on the Au NS surfaces.  This would block the surface 

Au from full oxidation, leading to a smaller SA value than the true geometric value.  

We tested this idea by measuring the CV of the Au NSs in 0.1 M HClO4 before and 

after exposing the glass/ITO/APTES/Au NSs to ozone. Ozone has been 

successfully used previously to remove adsorbed ligands from NPs in order to 

expose the maximum number of surface Au atoms to the reaction conditions.163 

Figure 3.3 C shows a CV measured on glass/ITO/APTES coated with 50 nm 

diameter Au NSs before (blue) and after (red) ozone treatment for 30-40 minutes. 

The CV clearly shows a significant increase in the SA from 2.4 x 10-6 C before to 

5.3 x 10-6 C after ozone treatment based on the increased peak area of the Au2O3 

reduction peak at 0.8 V. The same behavior occurred for all other Au NS sizes 

prepared in this work. Figure 3.4 show the CVs for effect of ozone on 4 nm and 15 

nm Au NSs. The corresponding SA/V values went up and the electrochemically-
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determined size of the different Au NSs better matched the size determined by 

SEM for the 15, 32, 50 and 70 nm Au NSs.   

 

Figure 3. 4. Cyclic voltammograms of glass/ITO/APTES coated with 4 nm (A) and 

15 nm (B) Au NSs obtained before (blue) and after (red) ozone treatment.  
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Table 1 above also provides the SA/V ratios and electrochemically-measured 

radius for all Au NSs before (column 4) and after treatment with ozone (column 6) 

as compared to the SEM determined radius (column 2).  In all cases the radius 

determined from the electrochemically measured SA/V ratio was closer to the SEM 

determined radius for the Au NSs that were treated with ozone.  This is likely due 

to the removal of impurities blocking the Au NS surface, which gave a larger and 

more accurate measurement of SA.  These same impurities (or possibly adsorbed 

citrate) do not affect the electrochemically measured V.  The only sample with 

significant error in the electrochemically-measured radius even after ozone 

treatment was the 4 nm diameter Au NSs (4.0 nm radius predicted vs. 2.0 nm 

radius actual).  We believe this may be due to ozone induced ripening of the 4 nm 

Au NSs to produce larger sizes or due to the 4 nm Au NSs being somewhat buried 

in the glass/ITO/APTES electrode surface, which reduces its accessible SA, even 

though it is clean of impurities. We are currently testing these two hypotheses. We 

also believe that these variations for 4 nm Au NSs are possibly due to more 

thickness of the citrate bilayer shell structure at the citrate/Au interface.164  

 We also plotted the electrochemically-determined SA/V as function of 1/radius 

using the SEM measured radius of the Au NSs as shown in Figure 3.5.  The blue 

plot of SA/V vs 1/radius was without ozone treatment, which was linear with a slope 

of 1.8.  While the radius could be accurately predicted from the SA/V using this 
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calibration curve, the slope was significantly lower than the theoretically expected 

value of 3 for a spherical shape, again due to adsorbed impurities or citrate.  The 

 

 

 

 

 

 

 

 

 

 

Figure 3. 5. Plot of experimentally-measured SA/V as a function of 1/radius as 

measured by SEM for 15, 32, 50 and 70 nm diameter citrate-coated Au NPs.  The 

SA was measured in 0.1 M HClO4 and V was measured in 0.01 M KBr in 0.1 M 

KClO4 without ozone treatment (blue) and with ozone treatment (red). 

 

red plot in Figure 4 shows the same plot for the same size Au NSs but after ozone 

treatment.  Following ozone, the plot of SA/V vs 1/r was linear with a slope of 3.5, 

which is in much better agreement with the expected value of 3 for a sphere.  

 In this work we also wanted to test the effect of Au NS surface coverage on the 

measured SA/V ratio and the determined radius in order to determine if the 

analysis only works over a certain coverage range.  In these experiments, we 

 

 

 



 
 
 

71 
 

varied the coverage of 4 nm and 15 nm Au NSs on the electrode surface from 10-

6 to 10-4 C and measured the SA/V of the samples.  We then made a plot of the 

electrochemically determined SA/V versus the coverage, determined by the ASV 

peak area.  Figure 3.6 below and Table 3.4 and shows the corresponding results 

for the two sizes studied. The data show that the SA/V remains fairly constant with 

a minimal decrease at the highest 10-4 C coverage for the 4 nm Au NSs while there 

is a bigger decrease in the SA/V for 15 nm Au NSs as the Au NS coverage 

increased to 10-4 C. 

 

Figure 3. 6. Effect of coverage on SA/V for 4 nm (red) and 15 nm (black) Au NPs. 
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      Table 3. 7. Effect of coverage on SA/V for 4 nm and 15 nm Au NPs. 

Table 3.5 below shows all the individual values for the two sizes studied. 

 

 

 

Au NPs 
size 

Number 
of trials 

CV surface 
coverages  

(Coulombs) 

Average ratio ± 
Std. Dev 

 

 
 
 
 
 

4 nm 

 
4 

0.97 X 10 -4  
 

0.598 ± 0.014 
1.16 X 10 -4 

1.06 X 10 -4 

1.39 X 10 -4 

 
4 

5.47 X 10 -5  
 

0.658± 0.034 
 

4.38 X10-5 

4.38 X 10 -5 

5.47 X 10 -5 

 
 

4 

2.13 X 10 -6  
 

0.626 ±0.021 
 

6.76 X 10 -6 

5.83 X 10 -6 

1.46 X 10 -6 

 
 
 
 
 

15 nm 

 
 

4 

1.53 X 10 -4  
 

0.167 ± 0.010 
1.12 X 10 -4 

1.04 X 10 -4 

1.45 X 10 -4 

 
 

4 

1.46 X 10 -5  
 

0.234 ± 0.006 
1.96 X 10 -5 

2.30 X 10 -5 

1.35 X 10 -5 

 
4 

1.69 X 10 -6  
0.227± 0.005 3.08 X 10 -6 

3.08 X 10 -6 

3.42 X10 -6 
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 Table 3. 8. SA (charge under the oxide reduction peak) and total volume 

(charge under the anodic stripping peaks), SA/V (average ± std. dev.) at 

different coverages (10-4, 10-5 and 10-6) for 4 nm and 15 nm Au NSs. 

Au NSs 
Diameter 

(nm) 

ASV 
Measured 
Volume in 
Order of 

Magnitude 
(Coulombs) 

CV 
Measured 

SA 
(Coulombs)  

ASV 
Measured 
Volume 

(Coulombs) 
 

SA-to-
Volume 

Ratio 
(SA/V) 

Average 
SA/V ± 

Std. 
Dev. 

 

 
 
 
 
 
 
 
 
 
 
 

4.2 

 
10-4 

0.97 x 10 -4 
 

1.58 x 10 -4 
 

0.617 
 

0.598 ± 
0.014 

1.16 x 10 -4 
 

1.93 x 10 -4 
 

0.601 
 

1.06 x 10 -4 
 

1.80 x 10 -4 
 

0.588 
 

1.39 x 10 -4 2.37 x 10 -4 
 

0.586 

 
10-5 

5.47 x 10 -5 
 

8.64 x 10 -5 
 

0.632 
 

0.658± 
0.034 

 4.38 x 10 -5 
 

6.37 x 10 -5 
 

0.687 
 

 4.38 x 10 -5 
 

6.36 x 10 -5 
 

0.688 
 

5.47 x 10 -5 8.75 x 10 -5 0.625 

 
10-6 

2.13 x 10 -6 3.23 x 10 -6 0.659 
 

0.626 
±0.021 

 6.76 x 10 -6 
 

1.10 x 10 -6 
 

0.614 
 

1.46 x 10 -6 2.35 x 10 -6 0.621 
 

 5.83 x 10 -6 

 
9.51 x 10 -6 0.613  

 
 

 
15.6 

 
10-4 

1.53 x 10 -4 

 
9.08 x 10 -4 0.168 0.167 ± 

0.010 

1.12 x 10 -4 

 
6.27 x 10 -4 0.178 

1.04 x 10 -4 

 
6.77 x 10 -4 0.153 

1.45 x 10 -4 8.51 x 10 -4 0.170 
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This decreased SA/V is due to contact (or aggregation) between the Au NSs at 

higher coverage.  Contact between aggregated NSs makes them effectively larger 

and reduces the exposed SA.  This would lead to a smaller SA/V than for individual, 

well-spaced NSs and lead to an error in the radius calculation.  For size analysis, 

it is best to use low to moderate coverages of Au NSs on the electrode surface 

that are 10-5 C or less. 

 

3.5. Conclusions 

Here we described the electrochemical measurement of SA/V of different sized 

Au NSs for calculation of the NS radius.  Citrate-coated Au NSs of different size 

were electrostatically attached to glass/ITO/APTES.  A plot of SA/V as a function 

of 1/radius of 4, 15, 32, 50 and 70 nm diameter Au NPs was linear with a slope of 

  
10-5 

1.46 x 10 -5 

 
6.29 x 10 -5 0.231 0.234 ± 

0.006 1.96 x 10 -5 

 
8.06 x 10 -5 0.242 

2.30 x 10 -5 

 
10.1 x 10 -5 0.227 

1.35 x 10 -5 

 
5.73 x 10 -5 0.235 

  

10-6 

3.55 x 10 -6 1.59 x 10 -6 0.223  

 

0.227± 

0.005 

1.69 x 10 -6 7.52 x 10 -6 0.224 

3.08 x 10 -5 1.31 x 10 -5 0.235 

3.42 x 10 -6 1.45 x 10 -5 0.234 
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3.5 when the Au NSs were treated with ozone first and the SA determined in 0.1 

M HClO4 using CV and the V determined in 0.01 M KBr plus 0.1 M KClO4 using 

ASV.  The size of the Au NSs determined by our method is very close to the size 

determined by SEM imaging for all sizes except for the 4 nm diameter Au NSs, 

verifying good accuracy of our method.  Our approach is a simple, cheap 

alternative to other methods for metal NS size analysis and the SA/V measurement 

could also be correlated to the reactivity and other important fundamental 

properties of metal NSs in the future.  
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CHAPTER IV 

ELECTROCHEMICAL SURFACE AREA-TO-VOLUME RATIO (SA/V) OF 

DIFFERENT AGGREGATED STATES OF AU NSS 

 

4.1. Introduction 
 

Aggregated NPs have recently gained significant attention due to their 

useful applications and advantages over their non-aggregated counterparts for 

certain applications. Some of the examples include improved catalytic activity 

observed in case of partially aggregated Au NPs towards photocatalytic 

conversion of 4-NP observed by Kim and coworkers89,  enhanced fluorescence 

signal observed for Cy5-labelled oligonucleotides sandwiched between 

aggregated Ag NPs (dimers) by Lakowicz and coworkers91 and use of Au NPs 

dimers having a recognition site for a specific DNA-binding protein by Bonham and 

coworkers94 to study DNA-protein interactions. Considering such useful 

applications aggregated NPs are being routinely analyzed by different analytical 

techniques such as UV vis spectroscopy,165-166, Raman spectroscopy167 and 

different microsocpic168 techniques.  

Electrochemical analysis of aggregated NPs can be a good alternative to 

these available methods. Our group has successfully employed ASV to analyze 

aggregated 4 nm and 15 nm Au NPs.156  In this work, we aim to determine the 

SA/V of the aggregated forms of 4 nm and 15 nm Au NPs using the similar 

approach as described in experimental section in Chapter II. SA contribution in 
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case of SA/V using our electrochemical method can also be useful to know besides 

the volume of NPs as observed in ASV.  

4.2. Experimental Section 
 

The chemicals, optical characterization, microscopic characterization and 

electrochemical SA/V assessment are described in the experimental procedures 

in Chapter II. 

 

4.3. Results and Discussion 
 

Figure 4.1 (Frame A) shows cyclic voltammograms of glass/ITO/APTES/Au 

NPs (4 nm) obtained in 0.1 M HClO4 from -0.2 V to 1.6 V. The 4 nm Au NPs were 

attached to the glass/ITO/APTES after sitting at pH 8.3 and at pH 3.1 overnight, 

corresponding to non-aggregated (blue plot) and aggregated (orange plot) Au NPs, 

respectively. The anodic peak near 1.3 V in Frame A corresponds to surface 

oxidation of Au and the cathodic peak at 0.8 V corresponds to the reduction of the 

surface Au oxide. The integrated charge of this reduction peak (indicated by the *) 

serves as a measure of the electrochemical SA of the Au. These two CVs show 

non-aggregated and aggregated samples with a similar SA. Frame B of Figure 4.1 

shows the stripping voltammetry of the same two samples (non-aggregated and 

aggregated 4 nm Au NPs) obtained by sweeping the potential from -0.2 V to 1.6 V 

in a solution of 0.1 M HClO4 plus 0.01 M KBr. The anodic peak near 0.8 V 
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corresponds to the stripping (oxidation) of all of the Au on the surface, resulting in 

dissolved AuBr4
- mainly  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1.  Cyclic voltammograms (A) and linear sweep stripping 

voltammograms (B) of non-aggregated (blue plots) and aggregated (orange plots) 

4 nm diameter Au NPs attached to glass/ITO/APTES electrodes. The area under 

the peak marked with a * in the cyclic voltammograms is proportional to the SA of 

the Au NPs while the area under the peak marked with a # in the linear sweep 

stripping voltammogram is proportional to the volume of the Au NPs. Clearly the 

SA-to-volume ratio is significantly smaller for the aggregated 4 nm diameter Au 

NPs. 
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and possibly some AuBr2- also. Since the integrated charge of this peak (indicated 

by the #) corresponds to all of the Au on the electrode, it is proportional to the 

volume of the Au NPs. It is very clear from Frame A and B that the non-aggregated 

and aggregated Au NPs had a similar SA, but that the aggregated Au NPs had a 

much larger volume. This indicates that the SA-to-volume ratio was much bigger 

for the non-aggregated 4 nm diameter Au NPs compared to the aggregated ones. 

Figure 4.2 shows the same data as in Figure 4.1, but for 15 nm diameter Au NPs 

attached to glass/ITO/APTES at pH 5 (non-aggregated) and pH 2.8 (aggregated).  
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Figure 4. 2.  Cyclic voltammograms (A) and linear sweep stripping 

voltammograms (B) of non-aggregated (blue plots) and aggregated (orange plots) 

15 nm diameter Au NPs attached to glass/ITO/APTES electrodes. The area under 

the peak marked with a * in the cyclic voltammograms is proportional to the SA of 

the Au NPs while the area under the peak marked with a # in the linear sweep 

stripping voltammogram is proportional to the volume of the Au NPs. Clearly the 

SA-to-volume ratio is significantly smaller for the aggregated 15 nm diameter Au 

NPs. 

For these set of data, it is clear that the non-aggregated 15 nm diameter Au 

NPs have a larger SA, as indicated by the larger cathodic peak at 0.8 V in Frame 

A, but very similar volume, as indicated by the similar sized anodic peaks at 0.8 V 

in Frame B. This leads to an overall higher SA-to-volume ratio for the non-

aggregated Au NPs compared to the aggregated ones. Table 4.1 shows the 

integrated charge of the cathodic peak at 0.8 V, the integrated charge of the anodic 

peak at 0.8 V, and the ratio of the two for 4 nm diameter and 15 nm diameter Au 

NPs that were non-aggregated and aggregated. The average SA-to-volume ratio 

was 0.32 ± 0.03 for the non-aggregated 4 nm diameter Au NPs and 0.044 ± 0.005 

for the aggregated ones, which is about a factor of 7 lower. The SA-to-volume ratio 

was 0.097 ± 0.006 for the 15 nm diameter non-aggregated Au NPs and 0.049 ± 

0.007 for the aggregated ones, which is about a factor of 2 lower. These results 

show that there is a significant reduction in the SA- to-volume ratio upon 

aggregation of these Au NPs and that it is likely  
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Table 4. 1. Electrochemical SA-to-volume ratio measurements for non-aggregated 

and aggregated 4 nm diameter and 15 nm diameter Au NPs. 

4 nm diameter Au Charge under 
Charge under 

anodic Electrochemical 

NPs “non- cathodic peak in CV peak in LSV SA-To- 

aggregated” (Coulombs) (Coulombs) Volume Ratio 

 “SA” “volume”  

Sample 1 9.96 x 10-5 3.20 x 10-4 0.311 

Sample 2 8.09 x 10-5 2.76 x 10-4 0.293 

Sample 3 12.3 x 10-5 3.56 x 10-4 0.346 

  Average ± std. dev. 0.32 ± 0.03 

4 nm diameter Au    

NPs “aggregated”    

Sample 1 7.59 x 10-5 1.75 x 10-3 0.0434 

Sample 2 7.52 x 10-5 1.94 x 10-3 0.0388 

Sample 3 0.438 x 10-5 0.0886 x 10-3 0.0494 

  Average ± std. dev. 0.044 ± 0.005 

15 nm diameter Au    

NPs “non-    

aggregated”    

Sample 1 1.96 x 10-4 2.02 x 10-3 0.0970 

Sample 2 1.66 x 10-4 1.81 x 10-3 0.0917 

Sample 3 1.69 x 10-4 1.64 x 10-3 0.1030 

  Average ± std. dev. 0.097 ± 0.006 

15 nm diameter Au    

NPs “aggregated”    

Sample 1 1.43 x 10-4 2.80 x 10-3 0.0511 
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responsible for the observed positive shift in the oxidation potential. While not 

conclusive, the shift in oxidation potential is consistent with the measured changes 

in the SA-to-volume ratio. A decrease in SA-to-volume ratio by a factor of 7 is 

equivalent to an increase in the diameter by a factor of 7, which would mean the 4 

nm diameter Au NPs would behave like 28 nm diameter Au NPs on average. The 

15 nm diameter Au NPs would behave like 30 nm diameter Au NPs on average 

after aggregation by the same analogy. These are getting closer to bulk like NPs 

with a higher oxidation potential. 

4.4. Conclusions 
 

Electrochemical SA/V was found to sensitive to the aggregation in 4 nm and 

15 nm Au NSs. The SA/V of aggregated Au NSs (4 nm and 15 nm) was found to 

be significantly lower than their non-aggregated forms. The shift in oxidation 

potential (Ep) of aggregated 4 nm and 15 nm Au NSs with change in SA/V from 

non-aggregated to aggregated form also indicated dependence of Ep of Au NSs on 

their SA/V. 

Sample 2 0.213 x 10-4 0.523 x 10-3 0.0407 

Sample 3 0.813 x 10-4 1.48 x 10-3 0.0549 

  Average ± std. dev. 0.049 ± 0.007 
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CHAPTER V 

THE IMPACT OF ASSEMBLY METHOD ON THE SURFACE AREA-TO-

VOLUME RATIO AND ELECTROCHEMICAL OXIDATION POTENTIAL OF 

METAL NPS 
 

5.1. Introduction 
 

 Metal NPs (NPs), such as nanospheres (NSs), have interesting size-dependent 

optical, electronic, chemical, and electrochemical properties which are useful for a 

wide variety of applications in catalysis,169-170 sensing,118, 171-172 photovoltaics,173 

nanoelectronics,119 imaging,120 therapeutics,121 and plasmonics.122  For these 

different applications the size plays an important role in the function.  In general, 

smaller-sized NSs with higher SA-to-volume ratio (SA/V) compared to larger NSs 

and bulk analogues show higher reactivity in catalytic and sensing applications.  

For example, Back and coworkers theoretically proved that the existence of more 

corner sites in smaller-sized Au NSs makes them more active for CO2 reduction 

due to the fact that CO2 reduction is highly favored at these corner sites.15  Later, 

Mistry and coworkers also observed experimentally that the CO2 reduction 

reactivity increased with a decrease in the size of Au NSs from 8 to 1 nm due to 

an increase in the number of corner sites.174 As the size of the NS decreases, the 

SA-to-volume ratio (SA/V) increases, which leads to unique surface chemical and 

electrochemical properties.  Despite their useful properties, the small size and 

large SA/V leads to stability issues as they are prone to oxidize at lower 

potentials175-177 and are relatively less stable against ripening (size increase)178 

due to the driving force to reduce their surface free energy by reducing the SA/V.  
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Ripening and aggregation processes reduce SA/V and also usually removes the 

desirable electrochemical and surface chemical properties of the nanostructures.  

Early work by Henglein147 and Plieth148 described the decreasing oxidation 

potential of metal NSs with decreasing size.  Henglein calculated the negative shift 

in oxidation potential of metal NSs with decreasing size based on their sublimation 

energies while Plieth predicted a negative shift relative to their bulk values based 

on differences in Gibbs surface free energies, proportional to SA.  

  Later, different experimental approaches showed the size-dependent 

oxidation of metal NSs.  For example, Sieradzki and co-workers used 

Electrochemical Scanning Tunneling Microscopy (ECSTM) to show that Pt NPs <4 

nm in diameter dissolved at potentials well negative of their bulk potential value 

and they oxidized directly by forming soluble Pt2+ cations, while the bulk Pt oxidized 

by forming Pt oxide.149  Brus and co-workers used SEM to show the 

electrochemical Ostwald ripening of Ag NPs (NPs) on glass/ITO, which occurred 

due to the different standard potentials between the small-sized and larger-sized 

Ag NPs.179  Ivanova and Zamborini observed a size-dependent shift in Ep,ox for Ag 

NSs85 of 8-50 nm diameter in acidic solution and for Au NSs176 in acidic bromide 

using anodic stripping voltammetry (ASV).  Brainina and co-workers also observed 

experimentally (and theoretically) a shift in Ep,ox for Au and Ag NSs using ASV.152, 

175, 180  In addition, ASV has been used to determine the composition and atomic 

arrangement of bimetallic NSs.181-182  

  Surfaces with high curvature shows an oxidation potential more negative with 

respect to a surface having low curvature.183  Likewise, with regard to NSs and 
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their surface features, those with a smaller radius of curvature are energetically 

unfavorable and more easily prone to oxidative dissolution.184  Regarding 

nanostructure shape, Hwang and co-workers observed that Ag nanostructures 

exhibited oxidation potentials in the order of Ag nanocubes (43 nm edge, 346 mV) 

> nanospheres (53 nm diameter, 337 mV) > pentatwin decahedrons (86 nm in 

edge length, 315 mV) > triangular nanoplates (127 nm in edge length and 11 nm 

in thickness, 293 mV).185  They attributed the change in Ep,ox for the different 

shapes partially to differences in SA/V but also to differences in the surface energy 

of atoms on the different crystalline facets, since the calculated SA/V of the cubes 

(0.140) was larger than the SA/V of the nanospheres (0.113), but the Ep,ox (cube) 

was more positive. In addition to size and shape, the oxidation potential of metal 

NSs is also related to others factors, such as the type of ligand used as a stabilizer 

during synthesis,186 electrode material,155 and electrolyte.177  These factors will 

also play a significant role in the reactivity relevant to catalysis and sensing.  In 

terms of electrode materials, Brainina and coworkers observed a positive shift 

in Ep,ox arising from interactions of NSs with an electrode surface having a work 

function more positive of that of the NS.82  This acts as a stabilizing factor that can 

counteract the destabilizing effect of the small NS size (high curvature and high 

SA/V).  Accordingly, they demonstrated a positive shift in Ep,ox for 10 nm diameter 

Au NSs on a Pt disk electrode compared to that on a glassy carbon disk electrode, 

but no significant shift for 150 nm diameter Au NSs on the two substrates.  The 

larger influence of the electrode material on the smaller Au NSs was attributed to 

more points of interaction between the NSs and the electrode.   
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 Masitas et al. later also studied the effect of electrode material on the size-

dependent oxidation of Au and Ag NSs.155  They observed that the Ep,ox of 9 nm 

diameter citrate-capped Ag NSs decreased appreciably as the electrode material 

was changed from an Au or Pt disc electrode to glassy carbon and glass/ITO.  Au 

NSs greater than 10 nm in diameter showed different Ep,ox values when directly 

attached to glass/ITO as compared to when attached to glass/ITO through an 

amine-terminated silane linker, which they attributed to the interfacial potential 

created by the positively charged, protonated amine groups.  These studies 

demonstrate the differences in electrochemical reactivity of metal NSs attached to 

different electrode materials in different ways, but the reasons are not very well 

understood. Masitas and Allen recently reported the size-dependent 

electrophoretic deposition (EPD) of citrate-stabilized Au NPs.187  EPD is a 

commonly used method for NS assembly on electrode surfaces for different 

applications.188-189  During the course of those studies, they noticed higher Ep,ox 

values for NSs assembled by EPD versus chemical methods of assembly (amine-

functionalized silane linker) for the same size Au NSs.  Allen et al. showed an even 

more dramatic positive shift in Ep,ox for the same-sized NSs that were aggregated 

relative to those that were not aggregated, which was attributed to a decrease in 

SA/V upon aggregation.88  The electrochemical method used for measuring SA/V 

also provided a direct measure of the average diameter for surface-attached 

NSs.156  Our previous SA/V studies along with the observation of different Ep,ox 

values for Au NSs assembled in different ways motivated this work, leading to the 

current hypothesis that different assembly methods lead to different SA/V for the 
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same size Au NSs, which results in a different Ep,ox.  In this work we directly 

measure the Ep,ox and SA/V for different sized Au NSs assembled by different 

assembly methods to test this hypothesis. 

5.2. Experimental Section 
 

 The chemicals, optical characterization, microscopic characterization and 

electrochemical SA/V assessment are described in the experimental procedures 

in Chapter II. 

 5.2.1 Synthesis of 1.6 nm Average Diameter THPC Stabilized Au 

Nanospheres (NSs).  We synthesized 1.6 nm diameter THPC-stabilized Au NPs 

using the procedure described by Duff and co-workers.109 Briefly, 500 µL of 0.2 M 

NaOH solution was added to glass vials containing 15.16 mL of nanopure water 

followed by the addition of 400 µL of the reducing agent THPC (200 µL of 80% 

THPC diluted to 16.66 mL of nanopure water). Finally, 660 µL of 25 

mM HAuCl4·3H2O was added to the vials with constant stirring.  After the addition 

of HAuCl4·3H2O, immediately an orange-brown color formed in solution, indicative 

of small Au NSs.  

 5.2.2. Drop-cast deposition of 1.6 nm, 4 nm and 15 nm Au NPs mixed with 

different concentrations of carbon black (CB) directly on Glass/ITO.  We 

prepared carbon black (CB) mixed with Au NSs of three different sizes (1.6 nm, 4 

nm and 15 nm) based on the work by Crooks and coworkers186 and drop-cast 

deposited them on glass/ITO.  For this, glass/ITO electrodes were cleaned by 

sonication for 20 min each in acetone, ethanol, and 2-propanol before drying under 

N2.  Au NSs of 1.6 nm, 4 nm and 15 nm sizes were mixed with different amounts 
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of CB and drop-cast deposited onto glass/ITO.  The mixtures of Au NSs and CB 

were prepared by mixing 1 mL of Au NS solutions with 4 mg, 1 mg, or 0.5 mg of 

vulcan CB suspended in 400 µL of 2-propanol to prepare the 0.28%, 0.071%, and 

0.036% weight(in grams)/volume(in mL) solutions, respectively.  5 µL of the mixture 

was drop-cast deposited onto glass/ITO in the case of 4 nm and 15 nm Au NSs, 

while 2 µL of the mixture was used for 1.6 nm Au NSs. 

 5.2.3. Ozone treatment of Au NS samples.  Ozone treatment of samples was 

performed with a Jelight Company Inc. UVO CLEANER model no. 42 for 15 

minutes for the samples indicated in Table S1 of the Supporting Information.  

Ozone was always performed after assembly of the Au NSs onto the electrodes 

right before electrochemical characterization. 

 5.2.4. Oxygen reduction reaction (ORR) experiments.  O2 reduction 

experiments were carried out in a closed glass cell containing three electrodes 

(glass/ITO/APTES/NSs working electrode, Pt wire counter electrode and Ag/AgCl 

reference electrode) in an O2-saturated 0.1 M HClO4 solution.  The CV was 

scanned from 0.2 V to -0.6 V at a scan rate of 0.01 V/s versus an Ag/AgCl reference 

electrode.  The same experiments were carried out in N2-saturated 0.1 M HClO4 

solution.  

 

5.3. Results and Discussion 
 

We synthesized Au NSs ranging from 1.6 nm to 70 nm in diameter for this study 

using citrate stabilizer in all cases except for the 1.6 nm diameter Au NSs, where 

we used tetrakis (hydroxymethyl) phosphonium chloride (THPC) stabilizer.  We 
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analyzed the sizes of the as-synthesized Au NSs by UV-Vis spectroscopy, 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

as shown in Figure 5.1.  We normalized the UV-Vis spectra of the different Au NSs 

to an absorbance of 1.0 at the localized surface plasmon resonance (LSPR) peak, 

except for the 1.6 nm diameter NSs, where we normalized it at   = 400 nm.  The 

LSPR peak shifted positive with increasing NS diameter, consistent with their size 

from 4 nm diameter to 70 nm diameter,112 while the 1.6 nm diameter Au NSs 

sample showed no prominent LSPR peak as expected for this size.178, 190  We 

attached 4 nm to 70 nm diameter Au NSs to aminopropyltriethoxy silane (APTES)-

functionalized glass/ITO electrodes and to APTES-functionalized SiO2-coated Au 

TEM grids for SEM and TEM measurements, respectively.  Figure 5.1. B shows a 

TEM image of 1.6 nm Au NSs while Figures 5.1., C-G shows SEM images of 4, 

15, 32, 50 and 70 nm diameter Au NSs.  The images confirm all of the NS sizes. 
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Figure 5. 1. UV-Vis spectra (A) and TEM image (B) of 1.6 ± 0.4 nm THPC Au NPs 

and SEM images (C-G) of 4.1 ± 0.7, 15.1 ± 1.8, 31.2 ± 1.9, 50.1 ± 3.0, and 70.8 ± 

2.7 nm of citrate-coated Au nanospheres (NSs). 

Ivanova and co-workers previously showed that the peak oxidation potential (Ep,ox) 

shifts negative for Au178 and Ag NSs85 with decreasing size in anodic stripping 

voltammetry (ASV).  The magnitude of the shift is generally consistent with Plieth 
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theory.148  Figure 5.2. shows ASVs of 1.6 nm (Figure 5.2.A), 4  nm (Figure 5.2.B) 

and 15 nm (Figure 5.2.C) Au NSs attached to a glass/ITO electrode  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2. ASVs of 1.6 nm (A), 4 nm (B) and 15 nm (C) diameter Au NSs 

assembled onto glass/ITO electrodes through APTES linker (red), by 
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electrophoretic deposition (blue), and by drop-cast deposition (black).  ASV was 

performed in 10 mM KBr plus 0.1 M KClO4 solution with a scan rate of 0.01 V/s. 

electrostatically through an APTES linker, directly to unmodified glass/ITO by 

electrophoretic deposition (EPD) or direct assembly (soaking), and by drop-cast 

deposition directly onto unmodified glass/ITO.  Ep,ox for Au NSs decreased with 

decreasing size for NSs assembled by either APTES linkage, EPD, or direct 

assembly by soaking and rinsing.  The Ep,ox values are 0.45-0.50 V, 0.70-0.75 V, 

and 0.75-0.80 V for the 1.6 nm, 4 nm, and 15 nm diameter Au NSs, respectively.  

We assume that the stabilizer has a negligible passivating effect and that the Ep,ox 

values reflect the size-dependent thermodynamic surface properties of the Au 

metal. 

 In addition to the size dependence, there is a clear dependence on the 

assembly method.  For all three sizes, the Au NSs assembled by EPD191 or direct 

soaking (blue plots) exhibited Ep,ox values more positive by 30-50 mV compared to 

the NSs assembled through the APTES linker (red plots).  In the case of the 1.6 

nm diameter THPC Au NSs, we could not perform EPD assembly because the 

charge of THPC is positive.  We used direct assembly by soaking in Au NSs, 

rinsing with water, and drying under N2 to attach the 1.6 nm diameter THPC Au 

NSs directly to glass/ITO in order to compare to the NSs attached through the 

APTES linker.  The Ep,ox for the directly assembled 1.6 nm diameter THPC Au NSs 

was found to be shifted positive by about 40 mV as compared to the APTES-

assembled ones.  The Ep,ox shifted much more positive for the drop-cast deposited 

NSs (black plots).  The shift was about +225 mV for the 1.6 nm Au NSs, +200 
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mV for 4 nm Au NSs, and +100 mV for 15 nm Au NSs.  There was a +20 mV shift 

in Ep,ox for EPD-deposited 4 nm Au NSs compared to the APTES assembled ones 

(Figure 1B, blue and red graphs).  There was also often several peaks in the ASV.  

For example, two main Ep,ox peaks appeared at 0.45 V and 0.68 V for drop-cast 

deposited 1.6 nm diameter Au NSs (Figure 5.2.A, black plot).  We attribute this to 

a mixture of well-isolated 1.6 nm diameter Au NSs on the surface (Ep,ox ~0.45-0.50 

V) and aggregated 1.6 nm diameter Au NSs on the surface (Ep,ox ~ 0.70 V).  NSs 

tend to aggregate during solvent evaporation when assembling by drop-cast 

deposition. 

 Our hypothesis in this study was that the positive shifts in Ep,ox in Figure 5.2. 

for EPD, direct assembly, or drop-cast deposition are due to differences in the 

exposed SA/V for the different NSs assembled in these different ways.  To test 

this, we measured the electroactive SA (SA) and total volume (V) electrochemically 

as described previously88 for the same NSs assembled in these different ways.  

For SA measurements, cyclic voltammetry (CV) was performed in 0.1 M HClO4 

solution by scanning from 0.2 to 1.4 V vs. Ag/AgCl (3 M KCl).  The area of the 

Au2O3 reduction peak in the CV corresponds to the Coulombs of charge for 

reaction 1 below, which is proportional to the total sum SA of all the Au NSs on the 

electrode.   

Au2O3 + 6H+ + 6e- ⇋ 2Au + 3H2O      SA (SA)             (1) 

We then determined the total volume by measuring the Coulombs of charge 

passed during oxidative stripping of all of the Au NSs on the same electrode in 

0.01 M KBr plus 0.1 M KClO4 according to reaction 2 below.88 



 
 
 

94 
 

Au0
 

+ 4Br-
                   

AuBr4
- + 3e-      Volume (V)     (2)                              

Dividing the Coulombs of charge from reaction 1 by the Coulombs of charge from 

reaction 2 gives the SA/V of the Au NSs assembled on the electrode surface using 

the different methods. 

 We observed that the total SA/V of the Au NSs was significantly different for 

the different assembly methods.  Figure 5.3 shows an example of the results for 

samples of 15 nm diameter citrate-coated Au NSs with similar volumes of 3.85 x 

10-5 C, 4.01 x 10-5 C and 4.20 x 10-5 C for APTES, EPD and the drop-cast 

deposition assembly methods, respectively (Figure 5.3 B).  The SA values were  
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Figure 5. 3. CVs (A) and ASVs (B) and SEM images (C to E) of 15 nm Au NSs 

assembled to glass/ITO electrode by different assembly methods.  CVs were 

performed in 0.1 M HClO4 and ASVs performed in 10 mM KBr plus 0.1 M KClO4 

solution with a scan rate of 0.01 V/s.  

1.58 x 10-5 C, 1.06 x 10-5 C and 5.20 x 10-6 C for APTES, EPD, and drop-cast 

deposition, respectively (Figure 5.3, A).  After dividing, the measured SA/V for 

these samples was 0.41, 0.26 and 0.12 for APTES, EPD, and drop-cast deposition, 

respectively.  It appears that the SA/V ratio is inversely proportional to the Ep,ox 

values.  This leads us to conclude that the decrease in SA/V is the reason for the 

positive shift in the Ep,ox  values for the different assembly methods.  Frames C-E 

of Figure 5.3. show SEM images of the same 15 nm Au NSs assembled by APTES, 

EPD, and drop-cast deposition, respectively.  There is no obvious visual difference 

in the images of the NSs assembled by APTES or EPD.  In contrast, the drop-cast 

deposited 15 nm diameter Au NSs are heavily aggregated compared to APTES or 

EPD assembly. Table 5.1. provides the electrochemically-measured SA/V and Ep,ox 

values for all of the NS sizes studied and for each assembly method.  The table 

shows the expected trend of increasing Ep,ox with decreasing SA/V as a function 

of increasing NS size for any of the assembly methods.  Also, in most cases, the 

SA/V followed the order from largest to smallest as APTES > EPD or bare soaking 

> drop-cast deposition, except for the SA/V for EPD and drop-cast deposition for 

the 70 nm diameter Au NSs.   
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 Table 5. 2. SEM/TEM measured radius, average electrochemically-measured SA/V, and 

average Ep,ox of Au NSs for different assembly methods.  All standard deviations represent 

one sigma value (n = 3). 

Au NSs 

Radius 

(nm) 

Average 

SA/V ± Std. 

Dev for 

APTES-

attached 

Au NSs 

Average 

SA/V ± Std. 

Dev. for 

EPD-

deposited 

Au NSs 

Average 

SA/V ± Std. 

Dev. for 

Drop cast-

deposited 

Au NSs 

Average 

Ep,ox ± Std. 

Dev. for 

APTES-

attached 

Au NSs  

Average 

Ep,ox ± 

Std. Dev. 

for EPD-

deposite

d Au NSs 

Average 

Ep,ox ± Std. 

Dev. for 

Drop cast-

deposited 

Au NSs 

0.80±0.1

7 

2.32 ±. 0.10 1.45 ± 0.15 0.661 

±0.007 

0.456 ± 

0.008 

0.504 ± 

0.015 

0.769 

±0.008 

2.0±0.01

8 

0.948 ± 

0.019 

0.801 ± 
0.031 

0.261 
±0.036 

0.714 ± 
0.004 

0.734 ± 
0.006 

0.865 

±0.007 

7.5 ± 0.9 0.370 ± 

0.022 

0.278 ± 

0.017 

0.119 

±0.004 

0.760 ± 

0.005 

0.797 ± 

0.008 

0.852 

±0.008 

15.6 ± 

0.9 

0.198 ± 

0.020 

0.080 ± 

0.002 

0.069 

±0.007 

0.815 ± 

0.013 

0.898 ± 

0.012 

0.889 

±0.012 

25.1 ± 

1.5 

0.123 ± 

0.022 

0.055 ± 
0.004 

0.045 

±0.005 

0.893 ± 

0.011 

0.944 ± 
0.005 

0.875 

±0.013 

35.4 ± 

1.4 

0.079 

±0.018 

0.027 ± 
0.003 

0.039 

±0.004 

0.915 ± 

0.013 

0.982 ± 
0.008 

0.897 

±0.021 

 

 

Table 5.1.  SEM/TEM measured radius, average electrochemically-measured SA/V, and 

average Ep,ox of Au NSs for different assembly methods.  All standard deviations represent 
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The Ep,ox values also generally showed the reverse trend of APTES < EPD or bare 

soaking < drop-cast deposition and the Ep,ox values for all assembly methods were 

very close once the bulk size was reached (~30 nm diameter and larger).  The best 

correlation between the SA/V and Ep,ox values for the different assembly methods 

occurred for the 15 nm diameter Au NSs as shown in Figure 5.2.C and 5.3.B (See 

also Figure 5.4, Supporting Information data for 4 nm diameter Au NSs for 

comparison). Table 5.2 provides individual values for electrochemically-measured 

SA/V and Ep,ox values for all of the NS sizes studied and table 5.3 provides 

oxidation potential values for APTES assembled and drop cast deposited 1.6 nm 

Au NSs.  
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Table 5. 3. Charge under the oxide reduction peak (CV), charge under the anodic 

stripping peaks (ASV), SA/V, average SA/V (± std. dev.), oxidation peak potentials 

(Ep,ox), and average oxidation peak potentials (± std. dev.) as a function of NS size 

and assembly method (with ozone treatment for all sizes except 1.6 nm Au NSs).  

Au NS 
assembly 
method 

CV 
Measured 

SA 
(Coulombs) 

ASV 
Measured 
Volume  

(Coulombs) 

SA-to-
Volume 
Ratio 
(SA/V) 

Average 
SA/V ± Std. 

Dev. 

Oxidation 
peak 

potential 
(Ep,ox) 

Average 
Ep,ox ± 
Std. 
Dev. 

4 nm 
APTES 
ozone 

3.54 x 10-5 3.76 x 10-5 0.966 
 

0.948 ± 
0.019 

 

0.711 0.714 ± 
0.004 

 5.17 x 10-5 5.42 x 10-5 0.953 
 

0.719 

3.22 x 10-5 3.47 x 10-5 0.927 
 

0.713 

4 nm EPD 
ozone 

3.40 x 10-5 4.41 x 10-5 0.770 0.801 ± 0.03 
 

0.728 0.734 ± 
0.006 

 8.50 x 10-5 1.02 x 10-4 0.833 0.741 

1.48 x 10-5 1.86 x 10-5 0.795 0.732 

 
15 nm 
APTES 
ozone 

1.27 x 10-5 3.31 x 10-5 0.384 0.370 ± 
0.022 

 

0.74 0.747 ± 
0.008 

 1.62 x 10-5 4.23 x 10-5 0.383 0.757 

2.11 x 10-5 6.12 x 10-5 0.345 0.746 

15 nm 
EPD 

ozone 

5.27 x 10-5 1.90 x 10-4 0.277 0.278 ± 
0.017 

 

0.78 0.780 ± 
0.002 

 1.95 x 10-5 7.47 x 10-5 0.261 0.783 

1.28 x 10-5 4.31 x 10-5 0.296 0.779 

32 nm 
APTES 
ozone 

4.71 x 10-6 2.30 x 10-5 0.204 0.201 ± 
0.002 

 

0.795 0.804 ± 
0.009 

 7.96 x 10-6 3.99 x 10-5 0.199 0.805 



 
 
 

99 
 

1.62 x 10-5 8.02 x 10-5 0.201 0.813 

32 nm 
EPD 

ozone 

9.53E-06 1.22E-04 0.0781 0.080 ± 
0.002 

 

0.897 0.898 ± 
0.012 

 3.34 x 10-6 4.02 x 10-5 0.083 0.911 

1.48 x 10-6 1.87 x 10-5 0.079 0.887 

50 nm 
APTES 
ozone 

4.26 x 10-6 2.74 x 10-5 0.155 0.123 ± 
0.027 

 

0.898 0.904 ± 
0.006 

 2.46 x 10-6 2.15 x 10-5 0.114 0.906 

 1.52 x 10-5   1.49 x 10-4 0.102 0.910 

50 nm 
EPD 

ozone 

8.78 x 10-7 1.71 x 10-5 0.051 0.055 ± 
0.004 

 

0.94 0.944 ± 
0.005 

 3.72 x 10-6 6.31 x 10-5 0.059 0.942 

6.10 x 10-6 1.10 x 10-4 0.055 0.951 

70 nm 
APTES 
ozone 

4.41 x 10-5 8.19 x 10-4 0.054 0.073 ± 
0.017 

 

0.911 0.916 ± 
0.006 

 3.73 x 10-6 4.27 x 10-5 0.087 0.915 

6.31 x 10-5 8.10 x 10-4 0.078 0.923 

70 nm 
EPD 

ozone 

3.69 x 10-6 1.51 x 10-4 0.0244 0.027 ± 
0.003 

 

0.977 0.982 ± 
0.008 

 2.28 x 10-6 8.50 x 10-5 0.0268 0.993 

2.32 x 10-6 7.89 x 10-5 0.0294 0.978 

1.6 nm 
APTES 

5.63 X 10-4 
 

2.45 X 10-4 
 

2.30 2.32 ± 0.11 0.721  
 
- 1.98 X 10-4 

 
8.11 X 10-5 

 
2.44 0.684 

5.94 X 10-6 
 

2.67 X 10-6 
 

2.22 0.668 

1.6 nm 
Direct 

attachment 

7.84 X 10-6 5.51 X 10-6 1.42 1.47 ± 0.15 0.658  
 
- 
 

1.50 X 10-4 9.08 X 10-5 1.65 0.708 
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1.50 X 10-5 1.10 X 10-5 1.36 0.662 

1.6 nm 5 
µL  drop 
cast no 
ozone 

5.51 x 10-5 1.10 x 10-4 0.551 0.615 ± 
0.055 

 

0.779 0.769 ± 
0.008 

 5.91 x 10-5 9.10 x 10-5 0.649 0.762 

5.55 x 10-5 8.49 x 10-5 0.645 0.768 

1.6 nm 5 
µL drop 
cast no 
ozone 

0.0005 g C 

6.21 x 10-6 9.62 x 10-6 0.671 0.661 ± 
0.090 

 

0.772 0.770 ± 
0.016 

 6.12 x 10-6 8.20 x 10-6 0.746 0.754 

2.89 x 10-5 5.10 x 10-5 0.566 0.786 

1.6 nm 5 
µL drop 
cast with 
0.001 g C 
no ozone 

2.21 x 10-5 5.27 x 10-5 0.419 0.354 ± 
0.058 

 

0.791 0.791 ± 
0.002 

   4.89 x 10-
5 

1.60 x 10-4 0.306 0.790 

2.74 x 10-5 8.10 x 10-5 0.338 0.794 

1.6 nm 5 
µL drop 
cast no 
ozone 

0.004 g C 

4.46 x 10-5 1.98 x 10-4 0.225 0.207 ± 
0.028 

 

0.827 0.841 ± 
0.012 

 6.35 x 10-5 2.85 x 10-4 0.222 0.849 

7.45 x 10-5 4.25 x 10-4 0.175 0.847 

4 nm 5 µL 
drop cast 

ozone 

1.29 x 10-5 4.54 x 10-5 0.284 0.261 ± 
0.036 

 

0.858 0.865 ± 
0.007 

 7.88 x 10-6 3.59 x 10-5 0.219 0.873 

2.29 x 10-5 8.14 x 10-5 0.281 0.865 

4 nm 5 µL 
drop cast 

ozone 
0.0005 g C 

3.84 x 10-5 5.41E-05 0.709 0.669 ± 
0.006 

 

0.758 0.755 ± 
0.005 

 3.15 x 10-5 5.31E-05 0.593 0.759 

9.62 x 10-6 1.36E-05 0.707 0.749 

4 nm 5 µL 
drop cast 
with 0.001 
g C ozone 

2.61 x 10-5 5.87E-05 0.444 0.474 ± 
0.028 

 

0.782 0.785 ± 
0.007 

 2.73 x 10-5 5.71E-05 0.478 0.793 
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1.83 x 10-5 3.66E-05 0.500 0.780 

4 nm 5 µL 
drop cast 

with ozone 
0.004 g C 

1.88 x 10-5 7.10E-05 0.265 0.306 ± 
0.035 

 

0.806 0.809 ± 
0.005 

 1.74 x 10-5 5.22E-05 0.330 0.807 

1.91 x 10-5 5.91E-05 0.323 0.816 

15 nm 5 
µL drop 

cast ozone 

1.00 x 10-5 
 

8.69E-05 0.115 0.119. ± 
0.004 

 
 

0.843 0.852 ± 
0.008 

 9.52 x 10-6 
 

7.72E-05 0.123 0.856 

9.42 x 10-6 
 

7.82E-05 0.12 0.859 

15 nm 5 
µL drop 

cast ozone 
0.0005 g C 

1.26 x 10-5 1.10 E-04 0.124 0.137±0.016 0.786 0.784 ± 
0.003 

 7.96 x 10-6 5.15E-05 0.155 0.787 

6.08 x 10-6 4.60E-05 0.132 0.780 

15 nm 5 
µL drop 
cast with 
0.001 g C 

ozone 

2.43 x 10-5 2.37E-04 0.103 0.086 ± 
0.015 

0.793 0.798 ± 
0.007 

 5.53 x 10-6 7.56E-05 0.073 0.795 

1.97 x 10-5 2.36E-04 0.083 0.806 

15 nm 5 
µL drop 
cast with 

ozone 
0.004 g C 

7.36 x 10-6 1.47 E-04 0.050 0.053±0.003 0.836 0.825 ± 
0.009 

 1.56 x 10-5 2.83E-04 0.055 0.820 

1.62 x 10-5 2.96E-04 0.054 0.819 

32 nm 
drop cast 

5.16 x 10-6 6.80E-05 0.075 0.069 ± 
0.007 

 

0.898 0.889 ± 
0.016 

 6.49 x 10-6 1.01E-04 0.061 0.900 

1.14 x 10-6 1.59E-05 0.072 0.871 

50 nm 
drop cast 

5.53 x 10-6 1.16E-04 0.047 0.045 ± 
0.0005 

 

0.863 0.875 ± 
0.013 

 7.72 x 10-7 2.01 E-05 0.039 0.889 

1.93 x 10-6 3.95E-05 0.048 0.872 
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Table 5. 4. Charge under the oxide reduction peak (CV), charge under the anodic 

stripping peak (ASV), peak oxidation potential (Ep,ox), and average peak oxidation 

potentials (± std. dev.) for 1.6 nm Au NSs assembled by APTES linking and direct 

soaking in ITO.  

 

 

 

 

 

 

 

70 nm 
drop cast 

1.30 x 10-6 3.58E-05 0.036 0.039 ± 
0.004 

 

0.873 0.897 ± 
0.021 

 5.90 x 10-6 1.49E-04 0.039 0.905 

4.76 x 10-6 1.08E-04 0.044 0.914 

Assembly method 
ASV volume of 

Au NSs 
Oxidation peak 
potential (Ep,ox) 

Average 
Ep,ox ± Std. 

Dev. 

Glass ITO/APTES/1.6 
nm Au NSs 

8.79 x 10-5 0.466 

0.456 ± 
0.008 

5.01 x 10-5 0.452 

2.76 x 10-5 0.451 

Glass ITO/1.6 nm Au 
NSs (Direct attachment) 

1.74 x 10-5 0.512 

0.504 ± 
0.015 

5.42 x 10-5 0.515 

1.07 x 10-5 0.487 
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 Au NSs are often mixed with carbon black (CB) as a conductive solid support 

material for different electrocatalysis applications.  For example, Crooks and 

coworkers drop-cast deposited 20 μL mixtures of Au NSs with Vulcan CB onto 6 

mm diameter glassy carbon electrodes (GCEs) in order to study the CO2 reduction 

reaction.186  High SA CB is usually mixed with metal NSs due to its unique stability 

in electrolyte solutions and because it improves electron transfer in metal NPs 

assembled on electrode surfaces.192-194  Hence, it can act as a good catalyst 

support to prevent the NSs from degrading and to minimize coalescence in them 

for their intended application. Keeping this in consideration we studied the effect 

of different concentrations of CB (in %w/v g/mL) on the SA/V and Ep,ox of Au NSs. 

We selected the maximum CB concentration to be mixed with Au NSs based on 

the Crooks study186 and also lowered the CB concentration.  

 The Figure 5.4. box plot shows that the experimentally-measured electroactive 

SA/V decreased as the amount of CB increased during drop-cast deposition.  The 

SA/V was much smaller than EPD and APTES-attached Au NSs for the different 

amounts of CB, but generally larger than drop-cast deposition without CB, 

especially for lower amounts of CB.  CB therefore does a good job of separating 

the Au NSs and increasing their SA/V relative to straight drop-cast deposition, but 

is worse than assembly by APTES and EPD in terms of NS SA/V ratio.   
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Figure 5. 4. Box plots comparing the SA/V of 1.6, 4 and 15 nm Au NSs attached 

through APTES, EPD (*except for 1.6 nm which were attached by direct 

attachment), drop cast deposition, and drop cast deposition with different 

concentrations of carbon black (CB) added. Figure 5.5 also shows example data 

characterizing the different SAs for the different assembly methods for 4 nm Au 

NSs, which had similar ASV coverage.  The SA/V decreased with increasing 

amounts of CB.   
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Figure 5.6. below also shows example data characterizing the different SAs for the 

different assembly methods for 4 nm Au NSs, which had similar ASV coverage.  

The SA/V decreased with increasing amounts of CB.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6. (A) CVs of 4 nm Au NSs for different assembly methods performed 

in 0.1 M HClO4 and (B) ASVs performed in 10 mM KBr + 0.1 M KClO4.  
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Accordingly, the Ep,ox of the 4 nm diameter Au NSs with CB shifted positive 

compared to that for APTES- and EPD-attached 4 nm Au NSs, consistent with the 

SA/V being inversely related to the Ep,ox (Table 5.4. ). 

 

Table 5. 5. Size of Au NSs, average electrochemically-measured SA/V for drop cast 

deposited with 0.28 % w/v, 0.072 % w/v and 0.036 % w/v of C black with Au NSs and 

average Ep,ox for drop cast deposited with 0.28 % w/v, 0.072 % w/v and 0.036 % w/v of C 

black with Au NSs.  All standard deviations represent one sigma value (n = 3). 

Au 

NSs 

Size 

(nm) 

Average 

SA/V ± 

Std. Dev. 

for drop 

cast 

deposited 

with 0.28 

% w/v of C 

black with 

Au NSs 

Average 

Ep.ox ± Std. 

Dev. for 

drop cast 

deposited 

with 0.28 

% w/v of C 

black with 

Au NSs 

Average 

SA/V ± 

Std. Dev. 

for drop 

cast 

deposited 

with 0.072 

% w/v of C 

black with 

Au NSs 

Average 

Ep,ox ± Std. 

Dev. for 

drop cast 

deposited 

with 0.072 

% w/v of C 

black with 

Au NSs 

Average 

SA/V ± 

Std. Dev. 

for drop 

cast 

deposited 

with 0.036 

% w/v of C 

black with 

Au NSs 

Average 

Ep,ox ± Std. 

Dev. for 

drop cast 

deposited 

with 0.036 

% w/v of C 

black with 

Au NSs 

1.6 ± 

0.4 

0.207 ± 

0.028 

0.841 ± 

0.012 

 

0.354 ± 

0.058 

0.791 ± 

0.002 

 

0.661 ± 

0.090 

0.770 ± 

0.016 

4.1 ± 

0.7 

0.306 ± 

0.035 

 

0.809 ± 

0.005 

 

0.474 ± 

0.028 

 

0.785 ± 

0.007 

 

0.669 ± 

0.066 

 

0.755 ± 

0.005 

15.1 

± 1.8 

0.053±0.00

3 

0.825 ± 

0.009 

0.086 ± 

0.015 

0.798 ± 

0.007 

 

0.137±0.01

6 

0.784 ± 

0.003 

 

 

Table 5.4.  Size of Au NSs, average electrochemically-measured SA/V for drop cast 

deposited with 0.28 % w/v, 0.072 % w/v and 0.036 % w/v of C black with Au NSs and 

average Ep,ox for drop cast deposited with 0.28 % w/v, 0.072 % w/v and 0.036 % w/v of 
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To further test our hypothesis that the Ep,ox is determined by the measured SA/V 

of each NS sample, we plotted the Ep,ox as a function of SA/V for all of the different 

assembly methods and different sizes of Au NSs (Figure 5.7).  
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Figure 5. 7. Plots of (A) Ep,ox vs. SA/V and (B) Ep,ox vs. 1/radius for the different 

sizes of Au NSs and different assembly methods in this study. The correlation is 

much better with electrochemically-measured SA/V. 

 The plot shows that Ep,ox decreases linearly as SA/V increases, regardless of 

the NS size and assembly method.  The slope was found to be -0.217 V-nm and 

the y-intercept was 0.903 V, which is close to the Eb,ox  of Au.  The R2 value of 0.89 

indicated a reasonably good linear correlation.  For these points we did not use 

samples that had the same overall Au coverage.  Since Au coverage can also 

effect the Ep,ox value, this likely also affected the correlation somewhat.  

Regardless, the trend is clear that Ep,ox is inversely related to SA/V with a linear 

trend. 

 We also plotted the Ep,ox values for the different samples versus 1/radius as 

determined by TEM and SEM.  This should be provide a good linear inverse 

relation, as predicted by the Plieth equation (equation 3 below), relating the 

oxidation potential of metal NSs (Ep,ox) to the radius (r) of the NSs and the bulk 

metal oxidation potential (Eb,ox).148 

Ep,ox = (−
𝟐𝜰𝑽𝒎

𝒁𝑭
) (

𝟏

𝒓
) + Eb,ox           (3) 

Here, γ is the surface stress of Au (1880 erg cm−2), Vm is the molar volume of Au 

(10.21 cm3 mol−1), Z is the number of electrons during oxidation of the metal, and 

F is Faraday’s constant.  The Plieth equation shows that Ep,ox is directly related to 

1/r with a negative slope, but it does not do so well in actuality, as indicated by the 

worse R2 value of 0.67.  If full access to the SA of the Au NS was allowed, then we 

expect much better correlation would occur with 1/radius.  Since that is not the 
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case the plot fits better with the electrochemically-measured SA/V, which depends 

on the assembly method. 

There are different explanations for the measured SA/V values for the NSs 

assembled by different methods as illustrated in Scheme I.  In the case of APTES-

attached Au NSs,  

 

 

Figure 5. 4. Schematic illustration of explanation for differences in SA/V of Au NSs 

for different assembly methods.  

we believe the NSs are somewhat separated from the electrode by the linker and 

their full SA is accessible to the electrochemical environment.  This leads to the 

highest SA values and highest SA/V (Figure 5.8, Case A).  At the same time, they 
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are also fully electronically connected because the linker is very short and not 

resisting charge transfer from ITO to the Au NS significantly.  In contrast, for the 

EPD attached Au NSs, closer proximity of the NSs to the electrode surface 

decreases their SA possibly due to an increase in the surface contact between the 

NSs and the ITO electrode surface, which hinders access to some of the SA of the 

NS.195  The metal NS may even alter the shape slightly to become flattened or 

slightly hemispherical to accommodate the direct attachment to ITO (Figure 5.8, 

Case B).  Not much is known about the metal NS/ITO contact interface, but it is 

clear that these NSs exhibit statistically significant lower SA/V and higher Ep,ox 

values, especially for larger NSs.  The SA/V also decreased for Au NSs assembled 

by drop-cast deposition with or without CB.  This is due to strong interactions with 

other NSs and/or the CB, which again leads to a large decrease in accessible SA, 

therefore increasing Ep,ox (Figure 5.8, Cases C and D).   



 
 
 

111 
 

 As the SA/V of the Au NSs was found to be affected by their assembly methods, 

we also compared the effect of assembly method on the electrocatalytic activity of 

the Au NSs towards the oxygen reduction reaction (ORR).  Theoretical and 

experimental studies have been performed on the ORR with small-sized Au NSs 

and the reaction mechanism is well known.196  In our work, we attached 4 nm Au 

NSs on glass/ITO by APTES-linkage, EPD deposition and drop-cast deposition 

with all having similar Au coverages.  We found that despite having similar 

coverages, as determined by integrating the stripping peak in ASV, the APTES-

assembled Au NSs showed higher ORR current than that of the EPD assembled 

and drop-cast deposited ones, clearly indicating the effect of the assembly method 

of NSs on their electrocatalytic performance (Figure 5.9).  The different activities 

are due to the different available SA in each case.  
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Figure 5. 9. (A) ORR for 4 nm Au NSs assembled by APTES linker, EPD and drop 

cast deposition with and without carbon black.  (B) ASVs of the different Au NS in 

(A), showing similar Au coverages for all the assembly methods. 
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5.5. Conclusions  
 

 In conclusion, this work provides important information about the effect of 

different assembly methods on the electrochemical SA/V of Au NSs in the 1.6 to 

70 nm diameter size range.  The electrochemical SA/V was largest for NSs 

assembled via APTES linker, followed by those assembled by EPD and then drop-

cast deposition with and without CB.  The decrease in SA/V between the different 

assembly methods was more dramatic for 15 nm Au NSs than other sizes.  The 

SA/V was significantly decreased for the drop-cast NSs due to aggregation as 

observed by SEM imaging.  The SA/V for Au NSs with different CB concentrations 

were also found to be decreased significantly.  The SA decrease is likely due to 

physical blockage of the surface Au atoms by CB.  We found that Ep,ox shifts to 

higher values for NSs as the SA/V decreases.  A strong linear inverse relation 

between Ep,ox and SA/V exists with much better correlation than with the measured 

NS radius, since the assembly method can alter the exposed SA for the same size 

NSs.  The trend in exposed SA for the different assembly methods caused 

increased ORR activity for APTES-assembled 4 nm diameter Au NSs as compared 

to those assembled by EPD or drop-cast deposition with CB.  The trend observed 

for the reaction was APTES assembled > EPD assembled > drop-cast with 0.036% 

w/v of CB > drop-cast with 0.072 % w/v of CB > drop-cast with 0.28 % w/v of CB 

> direct drop-cast without CB.  Due to the inverse relationship between Ep,ox and 

SA/V, as the activity of the NS increases (higher SA/V), the stability against 

oxidation decreases (decreasing Ep,ox).  The information and techniques described 

here can be helpful in optimizing the assembly method for maximum activity and 
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stability.  It also provides new insight into the effect of curvature on metal oxidation 

potentials since these NSs do not have altered curvature, yet there oxidation 

potential varies significantly due to differences in SA/V. 
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CHAPTER VI 

 
THE SURFACE AREA-TO-VOLUME RATIO AND OXIDATION POTENTIAL OF 

AUAG NANOSPHERES AFTER AG DEALLOYING 

 

6.1. Introduction 

Metal NPs (NPs) have recently gained tremendous attention due to their 

widespread applications in catalysis,197 sensing,198 and therapeutics.199 Usually 

smaller sized NPs show superior performance for applications in catalysis and 

sensing due to their high SA-to-volume ratio (SA/V). A decrease in the size of NPs 

produces an increasing number of potentially active high energy defect sites where 

some reactions are favored.200 Recently, porous nanostructures haven been 

explored as another type of nanomaterial potentially useful for highly efficient 

catalytic,201-202 sensing203 and energy storage applications.204   Similar to smaller 

sized NPs, these nanostructures possess high SA/V and are potentially better 

alternative to smaller-sized NPs for certain applications. There are different 

approaches available to form porous structures for different applications. With 

regard to nanoporous Au, common fabrication methods include etching of Au 

electrodes,205 electrodeposition101 and selective dealloying of the less noble metal 

from alloys of Au.104, 106  While the synthesis of high SA nanoporous Au involve 

approaches such as oxidative etching206-207 From amongst different approaches, 

selective dealloying has recently gained significant attention due to its specific 

benefits, such as the ability to control the pore size and morphology of the porous 

metal structures.  
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Selective dealloying has been successfully used by researchers to 

synthesize porous Au nanostructures with useful properties and applications. Kim 

and coworkers106 synthesized highly porous Au core/porous shell NPs (CPS NPs) by 

selectively dissolving Ag atoms from Au/Au–Ag core/alloy shell NPs. The CPS NPs 

showed very high turnover frequency for 4-nitrophenol reduction due to their 

catalytically active ultra-porous shells, which contained many surface defects.  Chen 

and coworkers201 selectively leached Ag from AuAg foils to form nanoporous Au 

(AuNPore). This nanoporous Au was found to be an efficient catalyst for selective 

diboration of methylenecyclopropanes due to a stable trimethylenemethane 

intermediate on the surface of nanoporus Au.  Snyder and coworkers104 de-alloyed 

AgAu alloys in neutral pH AgNO3 and in HNO3, both having high SA with great 

potential for catalysis and sensing applications. Zhang and coworkers105 prepared 

Au-based nanoboxes and nanocages having controlled porosity by dissolving Ag 

from Au-Ag alloy nanoboxes using H2O2. These dealloyed nanoboxes and 

nanocages were useful sensors to detect H2O2. Qi and coworkers208 dealloyed Ag 

from AuAg alloys and observed a porous nested network microstructure after the 

second dealloying step. They mentioned that these microstructures possessed a 

faster charge transport rate and could be useful in applications where the 

electrochemical properties need to be tuned.  Chao and coworkers209 dealloyed 

Au-based metallic glass ribbon using iron chloride solution. The dealloying 

created fine nanoporous Au on the surface. These nanoporous structures 

contained surface-enhanced Raman hot spots within the fine interstices 

alongside the large SA regions, leading to multiple reflections of incident laser 
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light.  This resulted in low detection limits of 10−8 M for p-ATP. Zhong and 

coworkers210 developed a sensitive non-enzymatic glucose sensor from porous Au 

networks (HPANs), which acted as an electrocatalyst for glucose oxidization. Xia 

and coworkers used selective dealloying of Ag from AuAg alloy nanoboxes using 

aqueous Fe(NO3)3 or NH4OH as etchant to form porous nanocages and 

nanoboxes with tunable surface plasmon resonance properties suitable for 

different applications.  

Considering the usefulness of these porous Au nanostructures, it is critical 

to accurately measure their SA in order to correlate it with their catalytic and 

sensing efficiencies. For example, Vega and coworkers211 determined the SA of 

nanoporous metals formed by electrochemical dealloying of Ag-Au-Pt by using the 

Brunauer-Emmett-Teller (BET) method. Rouya and coworkers212 measured the 

SA of nanoporous gold films having thicknesses up to 930 nm and pores on the 

order of tens of nanometers in size using different electrochemical methods, such 

as Cu underpotential deposition (UPD), surface Au oxidation/reduction reaction, 

and electrochemical impedance spectroscopy (EIS).  The SA increased linearly 

with increasing thickness. The SA measurement for porous Au nanostructures is 

not sufficient information to fully assess the usefulness and properties in terms of 

activity and stability. One needs to know the volume (V) in order to determine the 

overall amount of material being used as this determines the cost.  SA/V is also a 

critical parameter that determines the stability of the metal against oxidation and 

ripening processes, which can lead to structural and size changes.  
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We recently developed a simple electrochemical method to measure the 

SA/V of Au nanostructures, using Au NSs as a model metal to test the method.  

We used this ratio to successfully analyze  the size88, 213 and aggregation156, 181 of 

Au NSs and also to determine the effect of different electrode assembly methods 

on the SA/V and stability178 of these Au nanostructures. In this work, we aim to use 

our electrochemical method to measure the SA/V of porous Au nanostructures 

formed by the selective dealloying of Ag from electrode-assembled AuAg alloy NPs 

and correlate the measured SA/V to the initial alloy composition and their eventual 

stability against oxidation. We believe that the electrochemical SA/V 

measurements of these porous Au NSs directly on the electrode support will be 

highly beneficial over other methods due to the simplicity, speed, and ability to 

perform the measurement right on the electrode.  The information will be highly 

useful for quickly assessing synthetic methods for preparing porous structures and 

correlating the SA/V to their function and stability. 

6.2. Experimental Section 
 

The chemicals, alloy synthesis and dealloying procedures, electrode assembly 

method, ozone cleaning procedure, optical characterization, microscopic 

characterization, electrochemical SA/V assessment, and oxygen reduction 

reaction monitoring are described in the experimental procedures in Chapter II. 

 

6.3. Results and Discussion 
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 We synthesized mixed AuAg alloy NSs having different contents of Ag 

(50%, 75% and 90 %) using the procedures reported by El-Sayed and 

coworkers.214 We made slight modifications in the synthesis procedure where we 

used a lower concentration of trisodium citrate as that reported in their work. This 

led to bigger AuAg alloy NPs than their work for different percentages of Au and 

Ag in the alloys, which is similar to the trend observed in the case of Au NSs.215 

We also synthesized intact Au NSs using a similar procedure, excluding  Ag+ from 

the reaction. The UV vis spectra matched well with the alloy compositions and blue 

shifted with increasing percentages of Ag as observed in Figure 6.1 (red, blue and 

green spectra) compared to the pure Au NSs synthesized by the same method 

(black spectrum).  The UV-vis confirmed the successful synthesis 
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Figure 6. 1. UV vis spectra (A) and SEM images of Au NSs (B) and Au50Ag50, 

Au25Ag75 and Au10Ag90 (C to E) alloys by modification in the method by El Sayed.  
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The as-synthesized AuAg alloys were then subjected to selective dealloying of Ag. 

Figure 6.2 shows the steps involved for the dealloying procedure. First, AuAg 

alloys having different Ag content were synthesized (step 1). Following this, the 

AuAg alloys were electrostatically attached to glass/ITO/APTES electrodes by 

simple soaking (step 2).  Next, the samples were dealloyed by soaking the samples 

in 5 mL of 200 mM Fe(NO3)3
.9H2O for 3 hours (step 3). Following this, an ASV 

scan was performed from 0.0 to 0.5 V to check if any Ag was left. We also  

 

Figure 6. 2. Scheme for general experimental work involved in this work. 
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confirmed complete oxidative dissolution of Ag by Fe(NO3)3
.9H2O by a control 

experiment wherein we soaked 45 nm diameter Ag NPs in 200 mM Fe (NO3)3
.9H2O 

for 3 hours and observed that under this dealloying condition all the Ag NPs 

completely dissolved (Figure 6.3, red and blue plots). After dealloying Ag from the 

respective AuAg alloys, the remaining Au NSs on glass/ITO samples were treated 

with ozone for 16 minutes to clean the sample off any impurities. We also treated 

the intact Au NSs by ozone. The samples were then subjected to cyclic 

voltammetry (CV) in 0.1 M HClO4 to measure the SA and anodic stripping 

voltammetry (ASV) in 0.01 M KBr in 0.1 M KClO4 to measure the Ep and V of the 

Au nanostructures as described  previously.88     
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Figure 6. 3. ASVs of 50 nm Ag NPs attached to glass/ITO/APTES without further 

treatment (red plot) and after soaking in 200 mM Fe (NO3)3
.9H2O for 3 hours (blue 

plot). 
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Figure 6.4 shows CVs (top) and ASVs (bottom) of pure Au NSs (blue plots) and 

nanoporous Au NPs obtained by dealloying Ag from Au50Ag50, Au25Ag75, and 

Au10Ag90 alloy NPs.  All of the NPs were attached to glass/ITO/APTES electrodes 

and had outer diameters of ~50 nm.  These Au NSs have similar ASV volumes 

based on the ~2.8 x 10-4 C of charge obtained from integrating the oxidation peak 

in the ASVs (bottom plots).  It is clear from the CVs then that the SA/V increased 

as the content of Ag in the NPs increased before dealloying.  Pure Au NSs had a 

SA of 2.65 x 10-6 C (blue graph) while the SAs of the nanoporous NPs formed by 

dealloying Au50Ag50, Au25Ag75, and Au10Ag90 were 5.30 x 10-6 C (green graph), 

8.85 x 10-6 C (red graph), and 13.4 x 10-6 C (black graph), respectively.  With similar 

volumes, the SA/V followed the order of Au10Ag90 > Au25Ag75 > Au10Ag90 > Au.  

Also, the nanoporous Au obtained by dealloying showed a negative shift in Ep 

compared to the intact Au NSs. This negative shift increased with increasing Ag 

content before dealloying.  As observed in Figure 6.3B, the Ep was 0.92 V for 50 

nm pure Au NSs (black graph), 0.85 V for dealloyed Au50Ag50 NPs (green graph), 

0.80 V for dealloyed Au25Ag75 NPs (red graph) and 0.76 V for dealloyed Au10Ag90 

NPs (black graph).  As observed with different sized Au NSs in Chapter III and Au 

NSs assembled in different ways in Chapter V, the oxidation properties (Ep) of Au 

nanostructures is determined by the SA/V. 
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Figure 6. 4. CVs (top) and ASVs (bottom) of ~50 nm diameter pure Au NSs (blue 

plots) and nanoporous Au NSs prepared by dealloying the Ag from Au50Ag50 

(green plots), Au25Ag75 (red plots), and Au10Ag90 (black plots). 
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In order to better understand the change in SA and SA/V for the Au NSs obtained 

by dealloying Ag from the AuAg alloy NSs, we obtained SEM images of all samples 

before and after dealloying. From the SEM imaging and size analysis based on it, 

we observed two important things about the dealloyed nanoporous Au NSs. First, 

the outer diameter of the nanoporous Au NSs were within the standard deviation 

of the diameter of the AuAg alloy NSs before dealloying and the intact Au NSs. 

Second, the nanoporous samples of dealloyed Au NSs contained distorted, 

flattened and porous Au NSs as seen in Figure 6.5. These distorted, flattened, and  

Figure 6. 5. SEM images of Au50Ag50 alloy NPs (A,B), Au75Ag25 (C,D), and 

Au10Ag90 (E,F)  before (A,C,E) and after (B,D,F) dealloying and the corresponding 
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histograms (G,H,I).  The histograms show the number of intact Au NPs and 

number of porous/flattened/distorted NPs for each size range based on the SEM 

images.  

porous Au NSs constitute 35% and 55% of the total population of Au NSs for 

Au25Ag75 and Au10Ag90 alloys, respectively (Figure 6.5, H and I). Figure 6.6 shows 

expanded images of some representative individual Au25Ag75 alloy NSs before 

(Figure 6.6, A and B) and after (Figure 6.6,C -H) dealloying.  
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Figure 6. 6. SEM images of individual Au25Ag75 alloy NSs (A and B) and Au NSs 

obtained after dealloying (C to H) 

The zoom in view of the dealloyed NSs clearly show the porous, flattened and 

distorted morphology after dealloying, which is responsible for the increased SA/V. 

The morphology is similar to that observed by Sieradzki and coworkers.32  We did 

not observe a significant number (only about 6%) of such distorted and flattened 

Au NSs after dealloying of Au50Ag50 alloys. A reason for this is that 50% Ag is 

below the ‘parting limit’ for Ag in AuAg alloys to form porous nanostructures. The 

minimum amount of Ag needed is 55% of the alloy composition to form porous 

nanostructures after dealloying.32, 216 However the electrochemical SA/V was still 

found to be higher as compared to the intact ones, showing the high sensitivity of 

our electrochemical technique to detect this small increase in SA and negative shift 

in Ep for the Au NSs obtained from these alloys.  Table 6.1 provides all of the data 

for the relevant SEM measured sizes of the different Au and AuAg alloy NSs before 

and after dealloying along with the electrochemically-measured SA/V and Ep (ave. 

± std. dev.). 
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Table 6. 1. SEM determined outer diameter (ave ± std dev) of Au and AuAg alloy 

NSs before and after dealloying AuAg alloys, SA/V (ave ± std dev) and Ep (ave ± 

std dev) of the pure Au NSs and AuAg alloy NSs after dealloying   

 

Table 6.2. provides the individual CV determined SAs (in Coulombs), ASV 

measured volumes (in Coulombs), the SA-to-volume ratio (SA/V), average SA/V ± 

std. dev., oxidation peak potentials (Ep) and average Ep  ± std. dev.  As seen in the 

table, we obtained increasing SA/V and negative shift in Ep for Au NSs obtained 

by dealloying AuAg alloys compared to similar-sized intact Au NSs. 

 

 

Type of 

NSs and 

alloys 

SEM 

determined 

outer 

diameter of 

AuAg 

alloys (nm) 

SEM determined 

outer diameter 

(ave ± std dev) 

of Au NSs 

obtained by 

dealloying AuAg 

alloys (nm) 

SA/V (ave ± 

std dev) of 

the Au NSs 

obtained by 

dealloying 

(nm) 

Ep (ave ± std 

dev) of the Au 

NSs obtained 

by dealloying 

(nm) 

Au only 50.73 ± 7 - 0.116 ± 0.021 0.924 ± 0.032 

Au50Ag50  49.64 ± 5.4 53.29 ± 7.30 0.262 ± 0.026 0.854 ± 0.016 

Au25Ag75   48.76 ± 6 53.54 ± 10 0.343 ± 0.030 0.805± 0.023 

Au10Ag90 47.64 ± 7 51.96 ± 11.84 0.499 ± 0.024 0.752 ± 0.013 
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Table 6. 2. Au NSs type, CV measured SA, ASV measured volume, SA-to-volume 

ratio (SA/V), average SA/V ± std. dev., oxidation peak potential (Ep) and average 

Ep ± std. dev. 

 

 

Au NSs 
type 

CV 
Measured 

SA 
(Coulomb

s) 

ASV 
Measured 
Volume  

(Coulomb
s) 

SA-to-
Volume 

Ratio 
(SA/V) 

Average 
SA/V ± 

Std. 
Dev. 

Oxidatio
n peak 

potential 
(Ep) 

Average 
Ep ± 
Std. 
Dev. 

50 nm 
APTES 
ozone 

2.65 x 10-
6 
 

2.78 x 10-5 
 

0.095 
 

0.116 ± 
0.021 

 

0.931 0.924 ± 
0.032 

 

7.52 x 10-
6 
 

5.44 x 10-5 
 

0.138 
 

0.954 

8.67 x 10-
6 
 

7.45 x 10-5 
 

0.116 
 

0.889 

Porous 
Au NSs 

from 
dealloyi

ng of 
Au50Ag

50 

5.83 x 10-
6 

2.62 x 10-5 0.222 0.244 ± 
0.026 

 

0.864 0.854 ± 
0.016 

 5.30 x 10-
6 

2.22 x 10-5 0.238 0.832 

1.66 x 10-
5 

6.05 x 10-5 0.274 0.840 

Porous 
Au NSs 

from 
dealloyi

ng of 
Au25Ag

75 

1.46 x 10-
5 

4.40 x 10-5 0.331 
 

0.343 ± 
0.030 

 

0.821 0.805± 
0.023 

 8.85 x 10-
6 

2.71 x 10-5 0.324 0.786 

1.54 x 10-6 
 

4.11 x 10-5 
 

0.374 
 

0.817 

Porous 
Au NSs 

from 
dealloyi

ng of 
Au10Ag

90 

1.94 x 10-
6 

4.07 x 10-6 0.476 0.499 ± 
0.024 

 

0.749 0.752 ± 
0.013 

 3.67 x 10-
6 

1.42 x 10-5 0.533 0.767 

1.34 x 10-
5 

2.74 x 10-5 0.489 0.741  
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Finally, the formation of distorted-flattened-porous Au NSs from AuAg alloys was 

also confirmed by red shift in UV vis spectra for these Au NSs as compared to their 

alloy counterpart. Figure 6.7. show the red shift in UV vis for Au NSs formed from 

Au25Ag75 alloys on glass/ITO after dealloying with Fe(NO3)3.9H2O.  

 

 

 

 

 

  

 

 

 

 

 

Figure 6. 7. UV vis spectra of Au25Ag75 alloys on glass/ITO before dealloying (blue 

spectra) and after dealloying (red spectra) 

 We also plotted the electrochemically-determined SA/V and Ep of the Au NSs 

obtained by dealloying of AuAg alloys as function of %Ag (Figure 6.8, A and B). 

The SA/V increased in the Au NSs obtained from AuAg alloys having increasing 

percentages of Ag in them (Figure 6.8A) as mentioned previously. Conversely, the 
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Ep decreased for Au NSs obtained from AuAg alloys having increasing 

percentages of Ag in them (Figure 6.8B). 

 

Figure 6. 8. Plots of Ep (A) and SA/V (B) vs vs % of Ag dealloyed from the different 

AuAg alloy NSs. 

 Based on these observations and to correlate the electrochemical SA/V of Au NSs 

obtained by dealloying to their Ep, we also plotted the Ep as a function of SA/V 
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(Figure 6.9).  As can be seen from the plot, the Ep decreased linearly with 

increasing SA/V, as observed for NSs assembled in different way in Chapter V. 

The trend of Ep depending on the SA/V appears to hold for not only Au NSs of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 9. Plot of SA-to-volume ratio (SA/V) and oxidation peak potential (Ep) 

for Au NSs obtained by dealloying AuAg alloys having different percentatges of Ag 

in them 

similar size whose SA/V is affected by their assembly method, but also for 

nanostructures that are irregularly shaped and do not have clearly defined 

dimensions.  This is an important generalization that can be useful for 
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understanding the oxidation properties of any shape nanostructures, including 

irregular-shaped, flattened, and porous nanomaterials. 

 

6.4. Conclusions 
 

In summary, we report an increase in SA/V and a negative thermodynamic shift 

in the oxidation potential (Ep) for Au NSs obtained by dealloying Au50Ag50, Au25Ag75 

and Au10Ag90 alloys compared to intact Au NSs of similar size (outer diameter).  

The Ep decreased with increasing percentages of Ag dealloyed from the AuAg 

alloy NSs. Compared to the intact Au NSs having an average Ep of 0.92 V, the Au 

NSs obtained by dealloying of Au50Ag50, Au25Ag75 and Au10Ag90 showed Ep values 

of 0.859 V, 0.805 V and 0.758 V, respectively. The SA/V increased with increasing 

percentages of Ag dealloyed from the AuAg alloy NSs. Compared to the intact Au 

NSs having an average SA/V of 0.116, the similar-sized Au NSs obtained by 

dealloying of Au50Ag50, Au25Ag75 and Au10Ag90 showed average SA/V of 0.262, 

0.343 and 0.499, respectively. These trends for decreasing Ep and increasing SA/V 

were due to the formation of distorted/flattened and porous Au nanostructures after 

dealloying the AuAg alloy NSs. This work is important in that it provides a simple 

electrochemical approach for measuring the SA/V of porous NSs, which can be 

useful for characterizing different synthetic methods and correlating the porosity to 

the activity, oxidative stability, and size stability.  These are important issues for 

application of porous nanostructures in catalysis, sensing, and energy 

applications. 
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CHAPTER VII 

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1. Summary and Main Conclusions 

 

This dissertation describes the development of electrochemical 

measurements of the SA-to-volume ratio (SA/V) of metal NPs (NPs), with the focus 

on Au nanospheres (NSs), and the use of the SA/V measurement to analyze size, 

aggregation and porosity of metal NSs.  In addition to the useful analysis, our work 

also provides new physical insight into what controls the thermodynamics of metal 

oxidation. This work therefore has importance both in the analysis and physical 

properties of metal nanostructures. 

We demonstrated in Chapter III that the measured SA/V correlates well with 

the average radius of the Au NSs in a mathematically predictable way. Five 

different Au NSs with average radii of about 4 nm, 15 nm, 32 nm, 50 nm and 70 

nm were synthesized and attached to glass/ITO/APTES electrodes. Measuring the 

number of coulombs of charge passed during the reduction of surface Au2O3 that 

was electrochemically-formed during Au NS oxidation in HClO4 provided the SA 

(SA) while measuring the coulombs of charge passed during the complete 

oxidative dissolution of all of the Au in the Au NSs in the presence of Br- to form 

aqueous soluble AuBr4
-
 gave the total volume (V). Assuming a spherical geometry, 

the SA/V is theoretically equal to 3 divided by the average radius.  A plot of 

electrochemically-meausured SA/V versus 1/radius determined by scanning 
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electron microscopy (SEM) for the 5 different sizes of Au NSs attached to the 

electrode was found to be linear with a slope of 1.8 without cleaning the electrode 

beyond simple rinsing and 3.5 when cleaning the surface with ozone treatment. 

This revealed that the SA measurement is not accurate without ozone cleaning, 

likely due to the presence of citrate stabilizer adsorbed to the Au NS surface prior 

to ozone cleaning. The main conclusion of this work was that the electrochemical 

measurement of SA/V is a simple, cost effective analytical tool to measure the size 

of metal NSs.  

In Chapter IV we showed that the electrochemically-measured SA/V is 

sensitive to the aggregation state of Au metal NSs. The SA/V decreased for 

aggregated 4 nm and 15 nm Au NSs compared to their isolated forms and the 

peak oxidation potential (Ep) of the aggregated Au NSs shifted positive in anodic 

stripping voltammetry (ASV). The main conclusions of this work are that 

aggregation leads to a decrease in SA/V and that the magnitude of the SA/V 

determines the Ep value for metal NPs, where the Ep increases as the SA/V 

decreases upon aggregation.  

In Chapters V and VI, we described in more detail the effect of SA/V of Au 

NPs on their Ep value in ASV.  The general conclusion is that the SA/V of metal 

NPs is a better predictor of the Ep value than the size of the metal NPs.  

Experiments confirmed that the Ep value can be very different for the same-sized 

Au nanostructures if the SA/V is very different. In the first example, the  Ep of Au 

NSs in ASV depended on how they were assembled onto glass/ITO electrodes 

(Chapter V). The different assembly methods included electrostatic attachment to 
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an amine-functionalized silane linker, electrophoretic deposition (EPD), direct 

drop-cast deposition, and drop-cast deposition after mixing with carbon black. The 

same-sized Au NSs exhibited different Ep values because the different assembly 

methods led to different SA/V values. The SA/V decreased in the order of linker > 

EPD > drop-cast deposition with carbon black > drop-cast deposition, while the Ep 

values increased in that order. This clearly demonstrated the dependence of the 

SA/V of Au NSs on their thermodynamic oxidation potential. Another example of 

this occurred in the case of porous Au NSs formed by dealloying Ag from AuAg 

alloys (Chapter VI). In this case the NSs had similar outer diameters but very 

different SA/V due to differences in porosity and morphology. . The SA/V increased 

as the amount of Ag increased in the AuAg alloy before dealloying the Ag in the 

order of Au10Ag90 > Au25Ag75 > Au50Ag50 alloys. After dealloying, all of the NSs had 

a similar outer diameter of ~50 nm but very different SA/V due to the formation of 

porous and distorted and flattened structures upon removing Ag from the alloy. 

The structures with higher SA/V had smaller Ep values, again confirming that SA/V 

is a better predictor of Ep than the size. This is an important general observation 

that provides a better understanding of what controls the thermodynamics of metal 

NP oxidation. after dealloying.  

      

7.2. Future Directions 
 

All of the work in this dissertation describes the electrochemical analysis of 

Au nanostructures.  In the future, it will be very important to demonstrate these 

techniques for the analysis of other metals that are of technological importance, 
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especially in catalysis and sensing applications. Other important metals include 

Ag, Cu, Pt, and Pd. Similar to the Au metal NSs in this work, the electrochemical 

measurement of SA/V would be useful for the analysis of their size by a simple, 

convenient and cost-effective method. Different electrochemical approaches will 

be needed for the SA measurement and V measurement by stripping for each 

metal. There are reports available on the measurement of electrochemical SA of 

some of these other metals by underpotential deposition (UPD). The combination 

of UPD with stripping can provide the SA/V and NP size.  

For work on the SA/V of aggregated forms of Au NSs, future work would 

include measuring the SA/V of more controlled aggregates, such as dimers and 

trimers and other well-defined superstructures. It will be interesting to determine 

how the SA/V will vary for the different types of aggregates and how that will impact 

the oxidation properties. It would also be interesting to determine if the SA/V or Ep 

depends on the spacing between the NSs after aggregation. Controlled spacing of 

different sizes of Au NSs, such as 4 nm and 15 nm NSs, can be synthesized using 

diamino linkers, such as 1,4 diaminobutane, 1,8 diaminooctane and 1,12 

diaminododacane. These linkers electrostatically cross-link citrate-coated 4 nm 

and 15 nm Au NSs, leading to aggregation. Control over aggregate size could be 

obtained by adjusting the amount of the diamino linker. Aggregation studies can 

also be extended to Ag and Pd NPs. 

The impact of the different assembly methods on the SA/V and oxidation 

properties of same-sized Au NSs can be extended to more relevant electrode 

materials than glass/ITO such as glassy carbon electrode, Pt disk electrodes, Au 
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microelectrodes, and other types of carbon electrodes. These studies would be 

very valuable in understanding how SA/V of the metal nanostructures changes 

with the different electrodes and how that impacts their electrochemical activity for 

catalysis and sensing applications and their stability against oxidation and size 

transformations, such as Ostwald ripening.  

Future studies on dealloying AuAg alloys with different Ag content can be 

extended to trying different concentrations of Fe(NO3)3
.9H2O and performing the 

dealloying treatment for different times. The effect of dealloying parameters on the 

final structure, and therefore the SA/V and Ep values, would be very interesting. 

For the current conditions of dealloying we observed distorted and flattened Au 

NSs having increased SAs. It is possible that other dealloying conditions could 

lead to other, even more porous structures. We would try lower concentrations of 

Fe(NO3)3
.9H2O for longer duration (50 mM for 8 hours, for example) and higher 

concentrations of Fe(NO3)3
.9H2O for shorter duration (400 mM or 600 mM for 30 

minutes, for example). It would be interesting to observe the effect of these 

variations on the SA and Ep as related to the morphologies of the nanostructures 

formed. Another variation to try in the future would be to deposit the AuAg alloys 

on glass/ITO by EPD followed by dealloying using Fe (NO3)3
.9H2O. As the NPs are 

distributed more evenly in the case of EPD, the nanostructures formed after 

dealloying can lead to the formation of smooth continuous porous films useful for 

different catalysis and sensing applications. The various parameters of EPD to be 

varied include deposition time and deposition potential. We would also try different 

alloy systems, such as AuCu alloys and different dealloying agents, such as H2O2 
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and NH4OH for both alloy systems. A great strength of the electrochemical analysis 

method is that it can be an excellent screening tool to study the properties of the 

metal nanostructures without having to characterize every sample by electron 

microscopy. If the results are promising as determined by electrochemistry first, 

then electron microscopy would be performed. This can save a great deal of time 

in nanomaterials synthesis and development. 
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