


 
 

ABSTRACT 

Surface plasmon based spectroelectrochemical tuning and sensing with 
gold nanoparticle dimers 

by 

Chad P. Byers 

I report on the electrochemical tuning of the plasmon resonances of single 

and strongly coupled gold nanoparticles. I combined hyperspectral dark field 

imaging, cyclic voltammetry, and single particle scattering spectroscopy in a 

purpose-built custom instrument to investigate the electrochemical sensitivity and 

tuning mechanisms of surface plasmon spectroscopy. Cyclic spectrovoltammetry 

showed that single gold nanospheres show localized surface plasmon resonance 

shifts and damping correlated to the total charge of the particle in accordance with 

recent reports by Dahlin et al. Very strongly coupled nanoparticles show a much 

more complex spectrovoltammetric dependence, exhibiting behavior nearly 

opposite that of single particles. This suggests a much larger role of surface 

complexation in spectroelectrochemical tuning than is assumed in the literature. 

These results will impact the fundamental understanding of noble metal 

nanoparticle-solvent interfaces and interactions, development of ultrasensitive 

plasmon based electrochemical sensors, and a means to explore previously 

unmeasured optical properties of gold halides.
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Chapter 1 

Introduction 

In this thesis I investigate the electrochemical tuning of plasmonically active 

single and strongly interacting pairs of gold nanoparticles. This fascinating topic 

involves the clashing of two powerful electronic effects at the interface of a “noble” 

metal and an electrolytic solvent. Through electrochemical control, the tunable ionic 

environment of the nanoparticles alters the electronic properties of the metal, to 

which the localized surface plasmon is very sensitive. Through control of the 

interfacial potential difference, this interaction can be probed through optical 

surface plasmon spectroscopy.  

In Chapter 2, I introduce the small field of spectroelectrochemistry of noble 

metal nanoparticles and review the relevant literature. In order to begin my study, I 

built a specialized hyperspectral microscope with integrated electrochemical 

capabilities, which I discuss in depth in Chapter 3. In Chapter 4, I discuss the 

materials and experimental methods which I developed and used in the subsequent 
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chapters. In Chapter 5, I validated my instrument and experimental methodology by 

reproducing the findings of bulk measurements of electrochemical tuning of the 

localized surface plasmon resonance for single particles in two separate potential 

ranges. I then present my preliminary findings on the exciting behavior of strongly 

coupled plasmons in gold nanoparticle dimers in Chapter 6. Following an initial 

interpretation of my observations, I outline present and future work to better 

characterize the observed behavior and conclude.
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Chapter 2 

Background and Literature Review 

In this background and literature review, I review relevant literature on 

spectroelectrochemical tuning of plasmonically active particles and particle thin films in 

Sub-Chapter 2.1. I follow a chronological progression in the review of literature with the 

exception of corollary findings, which I present at the end before briefly summarizing the 

progress of the field to date.  

2.1. Spectroelectrochemistry of noble metal nanoparticles:     

Past  and present 

Noble metal nanoparticles have been of great interest to scientists for their rich 

electronic and spectral characteristics among other properties. Because of reduced 

dimensionality and their extremely small size, the properties of the bulk metal no longer 

dominate. Instead, the particle boundaries determine the particle’s electronic eigenstates.1 
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As Michael Faraday first studied and reported in 1857,2 coupling of light to sub-wavelength 

metallic particles can produce sharp colors. In 1908, Gustav Mie successfully described the 

absorption and scattering of light by spherical metallic nanoparticles. Incident 

electromagnetic radiation can couple to coherent oscillations of conduction band electrons. 

As with all physical coupling phenomena, resonances exist for which coupling efficiency is 

maximized. These resonances are known a surface plasmon resonances. Surface plasmons 

can exist at interfaces at which the dielectric constant changes from negative to positive. A 

resonance occurs then the real dielectric constant of the metal is twice the negative 

dielectric constant of the surrounding medium. For a particles much smaller than the 

wavelength of light, the surface plasmon takes the form of a standing wave and is known as 

a localized surface plasmon resonance  or LSPR. The extinction coefficient for particles in 

the quasi-static regime is given by3  
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Since Faraday and Mie, much attention has been directed at understanding, 

manipulating, and controlling the plasmon resonances of metal nanoparticles. Researchers 

have found that the plasmon resonance depends strongly on the size, shape, material, 

refractive index of the surrounding medium, surface charge, and surface chemistry, and 

proximity to other resonant particles, to name a few. These extreme sensitivities have led 

researchers to pursue and develop small detection limit chemical sensors, building 

plasmon based assays for use in biomedical diagnostics of all types.  
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Along with application as a sensor, strong spectral dependence on an environmental 

or particle parameter also suggests that precisely controlling said parameter can tune the 

surface plasmon resonance. In this thesis, we focus on controlling the charge density and 

surface chemistry of gold nanoparticles to reversibly tune surface plasmons. Researchers 

have explored charge injection into plasmonically active nanoparticles using multiple 

methods from Ar plasma charging4, to catalyzing redox reactions in solution5. The most 

successful and well-studied approach to understanding charge induced plasmon shifts 

(CIPS) has been electrochemically.6–36 

Electrochemistry saw a boom in the early 1960s as researchers developed 

techniques using new ultrasensitive pre-amplifiers to measure small currents.37 Among 

these developments was cyclic voltammetry by Nicholson and Irving. This dynamic 

technique involves applying a sawtooth potential difference between two electrodes in an 

electrolytic cell and recording the time and voltage dependent current. A potentiostat 

applies a voltage between a counter electrode and a working electrode. The applied voltage 

is controlled via control amplifier which automatically adjusts the total voltage across the 

electrochemical cell such that the potential difference between a chemically inert reference 

electrode and a working electrode is equal to a reference potential supplied to the control 

amplifier. In this way, the potential difference between the working electrode and bulk 

solution is well controlled. The working electrode is grounded through an ammeter, 

allowing the current to and from the working electrode to be recorded.  

Because of the flexible experimental geometries of electrochemistry, it affords itself 

to multiplex measurements. One such combination technique is spectroelectrochemistry, 
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the combination of optical spectroscopy and electrochemistry. In most 

spectroelectrochemical implementations, a transparent, semitransparent or highly 

reflective working electrode is used such that electromagnetic radiation can probe the 

working electrode surface during electrochemical investigations.37,38 From the 

current/voltage data, we can distinguish the origin of electrochemical currents as mass-

transfer limited, or electrode surface effect limited. We can also detect redox reactions at 

the working electrode surface by measuring the current transferred during these reactions. 

Moreover, by virtue of cyclic observations, we can probe the reversibility or irreversibility 

of the observed reactions. The voltage at which redox reactions occur at the working 

electrode is used to probe the electronic properties of the individual reaction and the 

activation energy of a specific process. By varying the sweep rate of the voltage ramp, we 

can probe the kinetics of various processes using the Butler-Vollmer equation or limiting 

cases, such as the Tafel equation.39 Because cyclic voltammetry is a bulk measurement, and 

the electrochemical current collected at the working electrode is an extensive property, 

there has been significant effort in miniaturizing working electrodes.40 The result is an 

enormous variation in the sizes of electrochemical electrodes. These vary from the 

macroelectrodes used as counterelectrodes, reference electrodes and the host of classical 

electrochemical electrodes, such as the saturated calomel electrode (SCE), the hanging drop 

mercury electrode, and so on. Due to optical path requirements, typical 

spectroelectrochemical working electrodes fall in this millimeter to centimeter range. A 

step down in scale are microelectrodes which fall into the tens to hundreds of micron 

regime. These are typically used as modern reference electrodes and in scanning probe 
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electrochemistries. Ultramicroelectrodes have been developed in the mid 1990s, filling in 

the regime of tens of nanometers to micron scale.41 This class now known as 

nanoelectrodes and thin film electrodes has been the focus of intense research efforts for 

the past decade and a half.37 During the molecular electronics boom of the early 2000s, an 

enormous amount of research focused on the quantized charging of thiol-capped gold 

nanoclusters as an electrochemical approach to controllable coulomb-staircase 

behavior.9,12,23,24,32,34,42–46 While the spectroelectrochemists in the molecular electronics 

field focused on the ~ 28 kDa regime  of thiolated gold clusters (~ 2 nm core diameter), 

those more interested in electrochemical plasmonic tuning focused primarily on chemically 

synthesized noble metal nanoparticles an order of magnitude larger. 

The easiest and most straightforward way to probe spectroelectrochemical 

processes of colloids, capped clusters, or other nanoparticles is to form a thin film with 

them atop a transparent electrode and use this as a working electrode. This approach has 

been used extensively to measure charging of nanoparticles of various sizes and surface 

chemistry. In 1999 two groups independently reported on electrochemically induced 

plasmon resonance shifts of thin films of gold nanoparticles.12,14 One study focused on a 48 

nm thick film of organic dithiol linked 6 nm gold colloid.12 The researchers used bulk 

transmittance and reflectance measurements conducted in a UV-Vis spectrometer to 

conclude that charge could be injected into the outermost layer of gold nanoparticles and a 

change in transmittance could be detected using electrochemical potential modulated lock-

in measurements. The other study focused on determining the mechanism of the CIPS in 

the non-Faradaic charging regime. In this voltage range, no charge transfer reactions occur, 
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limiting the mechanism for charging to double layer charging in which electrons are must 

be transferred to particles from the conductive substrate to screen the charge of the 

electric double layer. Through this potential range, the electrode can be modeled as an 

ideally polarizable electrode.39 In their study, they varied the particle size between 9, 14, 

and 20 nm colloid. They also varied the electrolytic solutions, using two halide electrolytes, 

KCl and KBr, and also KPF6. By varying the particle size, they found that a larger LSPR shift 

was attainable over the same potential range for smaller particles lending to the notion 

that the plasmon shift was due to the conduction electron density on the surface of the 

particle. Cl- and Br- are known to form gold halides at elevated positive potentials so the 

authors also used the electrolyte potassium hexafluorophosphate (KPF6) because the PF6- 

anion does only weakly adsorbs to the surface of gold.14 Qualitatively, they found that the 

greatest resonance shift was with the KCl solution. Unfortunately, the authors failed to 

quantify their data in a meaningful way, citing an inability to fit their transmission spectra 

in any way. Instead, they used relative changes in absorption at the supposed initial 

resonance and at an off resonant lower energy to measure the increase in extinction and 

spectral broadening, respectively. This analysis is of course flawed because of their own 

argument that there is both a spectral broadening and a resonance red shift, which coupled 

their two reported measurements. Despite the qualitative merits of the paper, and superior 

experimental methods, the inability to report their findings left many questions 

unanswered. 

In 2001, Chapman and  Mulvaney11 reported the electro-opical shifts of silver 

nanoparticles in a semi-permeable thin polymer film. Using electroreflectance 
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measurements they demonstrated that the silver particles could be charged, much like 

colloidal silver nanoparticles which they investigated in 1997.13 They found that 

embedding the silver particles in a weakly conducting polymer slowed down the resonance 

shifts by limiting diffusion of ions. The major contribution of this paper was the 

introduction of their working model for charge induced surface plasmon resonance shifts. 

That model was the modified Drude model relating the increase in particle charge to an 

increase in the bulk plasma frequency of the metal according to ωp2 = Ne2 / mεo where m is 

the electron effective mass, and N is the electron concentration.11  

From the study by Chapman et al. it can be concluded that the role of the 

nanoparticle film can complicate and preclude dynamic studies of charge induced plasmon 

shifts of the nanoparticles in the film by diffusion barriers and complex substrate to 

particle electron transfer pathways. This review now turns to colloidal particles adsorbed 

directly to a conductive substrate. Direct electrical contact between adsorbed particles 

leads to fast electron transfer and the absence of thick nanoparticle films affords the ability 

to control the particle coverage from multilayer down to sub monolayer. In 2002, Sagara et 

al. at Nagasaki University reported on potential modulated electroreflectance 

measurements of a submonolayer of 11 nm gold nanoparticles immobilized on an 

aminoalkanethiol monolayer coated polycrystalline gold electrode.34 The study found that 

the plasmon resonance followed the expected charging and discharging spectral shifts 

reported previously in the literature. However, the major contribution of this work was the 

finding that the electroreflectance signal intensity was maximized at the potential of zero 

charge (PZC). They also found that near the PZC, plasmon resonance begins to redshift, 
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implying the adsorption of solvent molecules on the gold surface near the PZC.34 In short 

the PZC or potential of zero charge is the working electrode potential at which the no ions 

in solution will be attracted to the electrode. If the applied potential is below the PZC, 

cations are attracted to the working electrode, while above the PZC, anions are attracted.39 

In 2004 the same team in Nagasaki published again on an immobilized 

submonolayer 11 nm gold particles undergoing electrochemically induced CIPS.47 In this 

follow-up article, the authors use UV-Vis transmission and absorption spectra to study the 

gold nanoparticles on a modified ITO transparent electrode. In this work, they record 

absorption spectra at steady state potentials. In addition, they performed potential step 

chrono-coulometry, a technique in which the transient electrochemical current is recorded 

and integrated during a known potential step to probe the amount of charge required to 

establish full electronic screening between the working electrode and the solution electric 

double layer. By comparing the relative charge accumulated at the working electrodes with 

and without nanoparticles under the same conditions, they were able to estimate the 

number of electrons per nanoparticle throughout their potential range. The result from 

potential step chrono-amperometry measurements was that over the non-Faradaic 

potential window, the number of electrons per particle was ~ 1500 electrons per volt. 

Using the simple modified Drude model13 to explain the LSPR shift based on changes in 

conduction electron population, they calculated the charge and capacitance from their 

absorbance spectra. Using this model they found that the change of the particle charge to 

be 1600 electrons per volt, in surprisingly good agreement with the chrono-amperometry 
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result. Assuming that the particles were spherical and the charge of the particle was 

effectively screened within the Stern layer, the capacitance was estimated to be 60 μF/cm2.  

In 2008 Novo et al. from the Mulvaney research group at University of Melbourne 

reported for the first time on CIPS observed for single particles.5 In their study they 

measured the scattering specta of individual gold nanoparticles under dark field 

illumination during a nanoparticle catalyzed oxidation reaction. Using the principles of 

single particle spectroscopy  (SPS) that Mulvaney outlined in 1996,3 the authors clearly 

demonstrated that a reversible resonance blue shift of 20 nm was attainable during the 

catalyzed oxidation of ascorbic acid in solution. They found that the charging process was 

slow taking several minutes to reach the maximum resonance shift. After the particles were 

charged via the oxidation of the acid, dissolved oxygen in solution was required to remove 

the electrons, leading to a total discharge time on the order of hours. It is worth stating 

explicitly that this study was not electrochemical but rather electrocatalytic in nature. A 

year later in 2009, the same team published a paper in which they used the same SPS 

technique to study the electrochemistry of single nanoparticles on a conductive substrate.35 

In this study the authors demonstrated that the same charge induced LSPR shifts observed 

in bulk measurements of nanoparticles films could be observed at the single particle level. 

The study was monumental in that it correlated dark field images of individual 

nanoparticles to high resolution scanning electron microscope images and showed clear 

voltage dependent resonance shifts. The paper is highly regarded in the field for these 

reasons. However, the study did little to further the understanding of any charging 

mechanisms. Despite the focus on cyclic voltammetry in the field to date at the time of the 
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study, the authors chose to only pursue a steady state charging. Nonetheless, the study 

allowed them to quantify the number of transferred electrons based on a simple modified 

Drude model in which dielectric constant of the metal is modified by changing the number 

of conduction electrons in the metal. In the two years following this publication, no more 

single particle CIPS studies were performed. Interest in electrochemical tuning of 

plasmonic particles and structures continued however in submonolayer bulk transmission 

measurements. 

In 2010, Sannomiya et al. from the Dahlin research group at ETH Zurich reported on 

spectroelectrochemical tuning of sub-monolayer immobilized 50 nm gold colloid on an ITO 

working electrode.26 They performed cyclic voltammetry over multiple potential ranges as 

they monitored the transmission spectrum of the modified working electrode using a UV-

Vis spectrometer. In their study, they targeted specific electrochemical processes by 

restricting the potential scan range. In particular, the chemical processes that they deigned 

their study around were the formation of gold chloride at around 600 mV and the oxidation 

of gold at 1100 mV. With these in mind, they focused on three potential ranges, all with a 

common negative vertex potential, -200 mV. The first positive vertex was chosen to be 500 

mV to avoid the chloridation of gold. The next maximum potential was chosen to be 800 

mV such that the gold surface could be fully chloridated but was far from being oxidized. 

The third cyclic voltammetry range was chosen as -200 to 1500 mV, allowing the gold 

surface of the particles to be fully oxidized. It is important to note that this study accessed 

much larger potential ranges than previous studies because most previous studies aimed to 

avoid chemical modification of the particle surface during CV. In the study, the particle 
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coverage was submonolayer but still very high. They do not report the particle density, but 

from a 0.8 × 1.2 μm SEM micrograph, I found the particle density to be 170 particles per 

square micron. 16 of these particles were in contact with another particle, forming 8 

dimers per square micron. Nine trimers were found along with three clusters of four 

particles. This leaves 127 single particles, most within a particle diameter of a neighbor. 

Despite the clear fact that most if not all of the particles’ plasmons are coupled, the authors 

treat them as single particles in their analysis and simulations. Despite the poor theoretical 

treatment of the data, the study produced impressive cyclic tuning of the extinction 

spectrum peak, intensity, and peak radius of curvature, which they link to the plasmon 

damping, correlated to the conventional cyclic voltammogram. In the first potential range, 

through which there are no known electrode reactions, they saw a nearly linear 

dependence of the peak shift, intensity and damping with increasing potential. In the next 

regime in which they expect to see increased damping with the chloridation of gold, they 

observe major spectral changes at 600 mV on the forward scan and 350 mV in the return 

scan. Because of the very high surface area of gold on their electrode, they are also able to 

detect events at these potentials in the CV as well, which they attribute to chloridation and 

reduction of gold chloride complexes. While the intensity did not show features related to 

these potentials, the radius of curvature of the extinction spectra mirrored the peak shift. 

Finally, in the scan including gold oxidation, the extinction spectrum showed enormous 

irreversible shifts for all metrics. An SEM micrograph revealed that nearly all of the 

particles had aggregated on the surface to form large clusters. It was concluded by the 

authors that gold oxide readily dissolves at large oxidation overpotentials and is then 
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adsorbed and reduced during the cathodic scan. It was also proposed but not tested that 

the dissolution of gold oxide destabilized the particles on the substrate, allowing them to 

enter the solution or migrate along the ITO substrate. Observations from my own 

experiments support this hypothesis. Finally, the authors investigated kinetics by varying 

the electrolyte concentration and found no kinetic dependence in the spectrvoltammetric 

response above 0.1 mM.  As a whole this study was important because by expanding the 

potential range to include actual electrochemical events, it opened to the door to deeper 

exploration of the surface chemistry and the potential to explore more than linear non-

Faradaic charging with nanoelectrochemistry. 

In 2012, Dondapati et al. from the Klar research group at Ludwig-Maximilians 

Universität München published a single particle study of plasmon damping in gold 

nanorods (12 × 12 ×31 nm) via electrochemical means.8 In this work, the authors explored 

the entire previously measured potential range in one experiment. In the experiment they 

aimed to quantitatively measure the plasmon damping caused by the various 

electrochemical processes. In their primitive electrochemical cell, they forgo the use of a 

potentiostat and reference electrode, opting for a constant voltage source applying a 

potential across an electrolyte filled parallel plate capacitor. Both the counter and working 

electrodes were composed of ITO coated glass slides. A dark field condenser scattered light 

off of sparse gold nanorods on the working electrode. An air objective was used to collect 

light scattered by the nanorods after it passed through the electrolyte and the counter 

electrode. The researchers collected spectra of a single nanorod at 100 mV intervals as they 

moved the applied potential from 0 to 2 V and then from 2 V to -1 V and back to 0 V. It is 
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left to the reader to assume that the researchers were measuring an equilibrium value, but 

with no electrochemical current detection scheme, a complete lack of all experimental time 

parameters, and no mention of a measured stabilization time by the authors, this 

assumption may be invalid. Because no reference electrode was used in this investigation, 

the actual potential difference between the electrolyte solution and the surface of the 

nanorods is unknown. This is the important role of the reference electrode in 

electrochemistry.39 The researchers report that even after fully oxidizing ( ~1 V 

overpotential) the original plasmon resonance is fully restored upon reduction. They show 

supporting data for a host of solvents: 100 mM NaCl, KCl, NaClO4, and NaNO3. This result 

differs from the observation of Sannomiya et al, that oxidation overpotential led to 

unmistakably irreversible particle shape and dissolution of gold.30 The previous study 

involved 50 nm spherical particles, while the current study focused on small gold 

nanorods. Even so, Novo and Mulvaney demonstrated in 2007 that charging of small gold 

nanorods with aspect ratio between 2 and 4 show Rayleigh instabilities over nearly all 

anodic charging regimes resulting in either plastic deformation of the nanorods or 

fragmentation.48 In summary, the study demonstrated a lack of experimental rigor, a failure 

to address unfavorable findings in cited papers, and a failure to demonstrate repeatability 

for processes claimed to be reversible.  

With those caveats, the paper made contributions to the understanding of plasmon 

damping by introducing a manner to quantitatively characterize electrochemical plasmon 

damping. To do so, they employed a fully retarded T-Matrix fitting routine to fit the 

scattering spectra using both a voltage dependent dielectric function and an electron 
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density dependent modified plasma frequency. Qualitatively, their fitting model produced 

sensible results in accordance with observed phenomena and known chemical reactions. 

According to their calculations, a peak capacitance of 19 ± 4 μF/cm3 was reached and a 

maximum damping of nearly 80 meV was observed for full oxidation. The reported 

capcititance per unit area is three times smaller than that measured and theoretically 

determined by Chapman et al. and Toyota et al.11,47 

The most meaningful contributions to the understanding of the electrochemistry of 

gold nanoparticles have come from the researchers at ETH Zurich led by Janos Vörös and 

Andreas Dahlin.25–27,49 In each of their papers, they have focused on separating 

electrochemical processes and as a result have been able to probe various mechanisms for 

surface plasmon resonance tuning and damping. Their results and findings also pit them 

against much of the literature which for the most part attributes all resonance shifts to 

changes in electron density solely to double layer charging.27 In their most recent paper, 

Dahlin et al. link the overall plasmon resonance shift directly to the adsorption of ions. In 

their experiments, they perform cyclic voltammetry on large gold nanodisks and holes 

fabricated by colloidal lithography (d = 175 nm, h = 35 nm). Using bulk transmission 

spectroscopy, they are able to collect high resolution spectra in short time scales. Using 100 

mM NaCl as their electrolyte, they do a rigorous analysis of the effect of CV scan speed on 

the LSPR shift, and peak width from the extremely slow 1 mV/s to a blazing 1 V/s. With 

increasing scan rate, they see much smaller spectral shifts and damping over the -200 to 

+600 mV scan range. They also observe a small cycle to cycle red shift for the very slow 

scan rate, indicating a change in the choridation state during longer time spent at higher 
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potential.27 In contrast to most other literature, they conclude that resonance shifts are not 

related to double layer formation as the timescale for Stern layer formation is orders of 

magnitude faster than any of their sweep rates. Additionally, they systematically test 

whether the change in the local index of refraction due to double layer formation is 

responsible for peak shifts. In a very convincing experimental verification, they show 

identical resonance peak shifts over the potential range -800 to +200 mV with four 

separate electrolytes: NaCl, KCl, N(C4H9)4Cl, and CaCl2. Despite a wide range in 

polarizability of the cationic species in each electrolyte, a 1.4 nm peak shift was observed in 

each experiment, suggesting that the effect of local change in index of refraction due to 

double layer formation plays a minute role at most in electrochemical plasmon tuning.27 

Finally another very relevant finding was the dependence of the plasmon resonance shift 

on the total charge of the metallic gold rather than the applied potential or the interfacial 

potential. This finding is supported by my preliminary data.  

That concludes the review of the major charge induced plasmon shifts of gold and 

silver nanoparticle literature. In 2011 two independent studies reported electrochemically 

induced crystallization of thin gold film nanostructures.25,50 Dahlin et al. studied the 

phenomenon by fabricating 30 nm thick nanoholes using colloidal lithography on ITO 

coated glass. After immersing in 100 mM NaCl electrolyte, they measured the bulk 

extinction spectra of the nanodisks as they employed square wave voltammetry to cycle 

the potential between -200 and 500 mV vs. Ag/AgCl reference electode. They found that for 

the nanodisks, a monotonic blue shift of nearly 50 nm occurred through 300 three minute 

cycles. High resolution SEM, AFM, and XRD confirmed that the crystal structure had indeed 
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changed, with much larger crystal domains visible after the process, leading them to label it 

as “cold annealing.” In another report, Ruther et al. report on the same effect for 10 nm 

thick gold metamaterial square antennas after cycling between – 0.9 and +1 V vs. Ag/AgCl 

reference electrode in 0.7 M NaF electrolyte for 30 eight minute cycles.  Both studies saw 

both a decrease in plasmonic damping and a blue shift in the resonance frequency. These 

shifts were irreversible and in both cases were verified via complementary surface 

measurements.  

In summary, much related work has been done in this field to better understand the 

electrochemistry of noble metal nanoparticles. Most early studies focused on the 

mechanisms of charge induced surface plasmon shifts. Most also focused on the non-

Faradaic double layer charging regime, while a few compartmentalized their study to 

separate effects. Others lumped the entire accessible potential range in single experiments 

with mixed results. Nearly all studies have measured the transmission spectrum or a 

variant of it for many thousands of particles at once using bulk spectroscopic techniques. 

To date, two studies have reported on the electrochemical tuning of single nanoparticles. 

The first served as a proof of concept and reported charging values and capacitances of 

single particles based on the groundwork of colloidal and bulk measurements. The second 

shirked most established electrochemical techniques and standards but introduced a 

quantitative way to possibly measure the voltage dependent charge transfer and adsorbate 

damping. Finally, recent work led by Dahlin and Vörös has led to a much more thorough 

understanding of the surface chemistry of the gold nanoparticles under electrochemical 

control.27  
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Chapter 3 

Spectroelectrochemical Dark Field 

Hyperspectral Microscope 

3.1. Motivation 

To date, single particle studies of spectroelectrochemical studies of plasmonic 

nanoparticles have either been proof of concept5 or have been based on questionable 

experimental design and methods.8 With the recent progress with bulk measurements of 

fabricated arrays of plasmonically active nanostructures, it is fair to question the need for 

single particle measurements. Indeed, single particle measurements in this field have 

actually contributed little to the literature beyond verification of a lack of morphological 

change by correlated high resolution SEM and dark field microspectroscopy. To address 

these questions, I will answer in two parts. The first question can be summarized with the 

classic question “Why should we do single particle or single molecule spectroscopy at all?” 

To answer this question for plasmonic particles in particular, I appeal to the primary 
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motivation to use plasmonic particles as sensors and as tunable absorbers and scatterers in 

the first place. As stated previously, the localized surface plasmon resonance depends 

strongly on the size, shape, material, refractive index of the surrounding medium, surface 

charge, surface chemistry, and proximity to other resonant particles, to name a few. In an 

ideal bulk measurement, every particle shares all of the same values for all of the above-

stated parameters. In other words they form an ensemble. In reality, nanoparticles are 

inherently polydisperse.51 Variations in size, shape, crystal structure, electrical contact, and 

interparticle spacing lead to inhomogeneous line width broadening in both chemically 

prepared and lithographically prepared samples. This form of line width broadening, which 

does not represent a physical effect of constituent particles but instead a measurement 

artifact, has plagued nearly all of the studies reviewed in Sub-Chapter 2.1 to some extent. 

Those using colloidal deposition were likely more negatively affected than those who relied 

on larger lithographically defined structures due to lack of control of interparticle spacing 

and relative size differences in the former.  

Despite this inhomogeneous broadening, bulk measurements have shown the same 

qualitative and similar quantitative changes in resonance shifts and plasmon damping as 

those reported by Novo et al.5,27 However, in this report, resonance shifts varied widely 

based on particle shape and size for the three particles studied.5 Because the 

electrochemistry of metal nanoparticles is likely largely dependent on chemical effects,27 it 

stands to reason that the surface of the nanoparticles is of great importance; e.g. the 

exposed crystal structure, surface roughness, curvature, etc. In bulk measurements, 
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spectral responses due to these small but important variations can be averaged out over 

the entire population. This is the reason to study single particles. 

As with other single molecule and single particle spectroscopic methodologies, 

researchers run the risk of undersampling the population by measuring only a few single 

particles. So we have a conundrum. Bulk measurements are highly insensitive to 

differences between subpopulations due to optical averaging, while single particle 

measurements are prone to undersampling of entire subpopulations by not accessing them 

at all. Clearly, sample homogenization is the ideal path to resolve this issue for bulk 

measurements, but as stated, technological and physical limitations prevent the complete 

homogenization of metallic nanoparticles.51 On the single particle front, the most 

straightforward solution is to obtain data from enough individual particles to build a 

statistically relevant sample profile. The problem with this approach is the reality of 

measurement times and research time scales. Because single particle spectroscopy is 

typically conducted serially for multiple particles, the total time spent collecting data is at 

minimum equal to the single experiment time multiplied by the number of samples. 

Additionally, single particle measurements also take more time than bulk measurements 

because of weaker optical signal intensities. The time required to build such a statistically 

relevant sample size can be prohibitively long. One possible solution would be complete 

parallelization of spectral acquisition as is now commonplace in large reflector 

spectroscopic telecsopy52. While this is very appealing and has been accomplished for small 

numbers of particles,53 I opted for a more hybrid approach to single particle spectroscopy. 

In this approach, I collect steady state spectra for many particles at once using a semi-



 22 

 

parallelized spectral collection technique known as hyperspectral imaging. Using the 

spectral information from these arrays of spectra containing 10s to many hundreds of 

particles, I can then identify particles belonging to distinct populations and measure 

dynamic properties of these particles. With this approach, single particle spectra are 

acquired for hundreds of particles per experiment with more intense study focused on 

representative particles from each subpopulation of interest.  

3.2. Hyperspectral Imaging – A Brief Overview 

Hyperspectral imaging devices measure light intensity for many wavelengths bins 

simultaneously to build up three-dimensional image cubes; two dimensional spatial 

information and one dimension of light energy. Hyperspectral imagers have until recently 

been mostly employed in space and earth science applications due to cost and complexity. 

With very high ( < 1 nm) color resolution, researchers can effectively carry out broad 

spectroscopic studies of Mars’ surface and atmosphere54, study plant growth, monitor 

stellar processes, and see local charge recombination in nanowires55. Though this setup is 

unique and novel as far as our knowledge, the imaging system can be likened to a 

pushbroom detection scheme. In a pushbroom style imager, data is collected along two 

dimensions in the image plane in a mixed serial/parallel scheme.56 Like its namesake, a 

pushbroom sensor sweeps across the image plane collecting a series of parallel 

measurements. The series of 1D measurements is then assembled into a 2D array. A very 

common example of a pushbroom imaging system is a standard black and white 

photocopier or scanner. The logical extension to this example is the color photocopier 
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which collects three (red, green, blue  - RGB) one dimensional intensity data sets for each 

location as the sensor is swept serially through the image plane. Independent assembly of 

each color channel or layer of the image creates three intensity images. The collection of 

these images can be considered a multispectral image because each image samples a 

distinct spectral range. However, the RGB color space is based on human color perception, 

and therefore is not constructed from mutually exclusive spectral regions. The transition 

from intensity image to multispectral to hyperspectral is illustrated graphically in Figure 

3.2.1 by showing a collection of images of the same sample area collected using three 

different imaging schemes. The leftmost image was acquired with the CCD of the 

spectrograph set to imaging mode (mirror in place of grating). The center images are 

collected with a digital single lens reflex (dSLR) camera mounted at the eyepiece of the 

microscope. In this multispectral image, the red green and blue color bands are separated 

with the use of absorption filters just above individual CCD pixels in the form of a Bayer 

pattern. When red green and blue light are mixed at the intensities dictated in the 

corresponding intensity plots, the result is a digital color image, which we are now very 

accustomed to. The rightmost set of images shows a subset of the 1340 intensity images 

captured by the hyperspectral setup which I describe in the following Sub-Chapters.  
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Figure 3.1 - Correlated images showing the same 25×25 μm area containing 

86×25×25 nm Au nanorods collected in three imaging modes: direct em-CCD 

readout, RGB components from a dSLR image taken at the microscope eyepiece, and 

finally5 of 1340 wavelength resolved images. 

3.3. Hardware 

The dark field hyperspectral microscope is composed of three main hardware 

components. A Zeiss AxioObserver m1 inverted microscope with NA = 1.4 transmission 

dark field condenser and an air or oil immersion objective are used to collect scattered light 

from the sample of interest. Light can be directed to the eyepiece for visual inspection or 

for image capture with a mounted digital SRL camera. Light can also be directed to one of 

two side ports. At the left side port is the imaging spectrometer setup. A Princeton 
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Instruments Acton 2150i imaging spectrometer is outfitted with a back-illuminated 

thermoelectrically cooled (203 K) electron multiplying CCD (Princeton Instruments, Pixis 

400). The em-CCD is composed of 400 rows and 1340 columns of 20×20 μm pixels. The 

imaging spectrometer is also equipped with an adjustable bilateral entrance slit with 

minimum width 10 μm and two electronically addressable and controllable diffraction 

gratings. The grating used for all measurements in this thesis is a 300 lines/mm echellette 

grating which is efficiency optimized for first order refraction at 500 nm (blaze angle: 

4.30º).  

To move the entrance slit through the image plane at the microscope side port, the 

entire spectrograph was mounted onto a stack of two orthogonal linear translation stages. 

The stage with axis of motion perpendicular to the image plan is fitted with a manual 

micrometer, and is used to finely position the spectrograph entrance slit in the image plane. 

The second linear translation stage with translation axis parallel to the image plane is 

outfitted with a programmatically controlled linear stepper motor (Newport Instruments). 

The stepper motor actuator has a travel speed of 1 mm/s and a minimum step size and 

precision of 50 nm. The step size used in hyperspectral imaging is 20 μm (extensive details 

in Sub-Chapter 3.5). This corresponds to a position uncertainty on the order of 0.25% and 

an actual travel time of 20 ms. Given that the acquisition time per exposure in 

hyperspectral image acquisition is rarely less than 500 ms, the scan speed and position 

precision of this stage are more than adequate.  

Finally, in order to align the entrance port of the spectrograph with the left side exit 

port of the microscope, the entire microscope is raised with custom solid aluminum legs. 
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Due to the Cartesian nature of this setup, alignment of the spectrometer entrance slit travel 

plane and the image plane at the microscope side port is paramount. Once alignment is 

achieved, all components are hard mounted to an active vibration isolated optical table.  

Aside from challenges in extreme spectrometer, camera, and microscope alignment, 

the dark field hyperspectral imaging setup is an incredibly simple physical setup. Having 

transitioned through three location changes during its service at the time of this writing, I 

can do a complete instrument tear-down and rebuild in less than three working days. The 

complexity and elegance of the instrument is not in the physical setup but in the 

programmatic control of the individual components.  

3.4. Software control 

The aim of this instrument since its inception was integrated multifunctionality. In 

order to coordinate the spectrometer, camera, translation stage, and an electrochemical 

workstation, a robust and widely functional instrument control software was necessary. 

While a more basic code could be used for this purpose as well, I chose Labview (2011, 

National Instruments). Labview is a commercial control software platform widely utilized 

in research and industrial automation and instrumentation applications.  

The main challenges in the development of the programmatic instrument control 

came in interfacing with the spectrograph. At the time of instrument development, 

Princeton Instruments spectroscopic components could be exclusively controlled through 

proprietary software known as Winspec. This platform independent software was 
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specifically designed to comply with all operating systems and was therefore developed by 

circumventing conventions from any particular operating system.57 This serves the 

intended purpose quite well, but this software/hardware design made control with an 

external software difficult and tedious. After many valiant attempts at direct spectrograph 

control, a different approach was taken using a Microsoft native control program known as 

ActiveX. I developed the main spectral acquisition program in Labview, using ActiveX to 

control the proprietary Winspec software. With full control of the linear stage motion and 

the spectrograph, instrument control became a functional exercise in array indexing and 

software development. 

3.5. Spectral Imaging Implementation 

In hyperspectral imaging, it is useful to refer to the 3 dimensional data set as a data 

cube. Two dimensions of the cube consist of spatial information. For simplicity, I’ll call 

these dimensions x and y. The third dimension is light energy. I’ll call this dimension the c 

dimension, short for color. Therefore, each plane (x-y) normal to the energy (c) dimension 

is simply a spatial map of the light intensity for a specific energy window. In a push broom 

collection scheme, spectra are collected in parallel along the extent of the sensor. For each 

exposure, one y-c plane of the data cube is populated. The sensor is then moved in the x 

direction, and takes another exposure. In this manner, the data cube is populated in parallel 

in the y dimension and in serial in the x dimension. Practically, this adds time dependence 

to the acquired data. Because each x-c plane of data is acquired in separate exposures, the 

hyperspectral image records data over a time period roughly equal to the number of 
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exposures multiplied  by the sum of the exposure time and the stage movement time. Other 

small time constants also contribute to the total acquisition time including control software 

delays, CCD readout time, and data transfer time. In order to minimize the impact of these 

deleterious time delays, I parallelized many of these processes. For instance, following an 

exposure, the register of a CCD must clear each column of pixels and convert these to a 

readable binary signal in serial. The readout time for the CCD is therefore dependent on the 

amount of data that it must read at each exposure. For large images, the CCD clearing time 

can be of the order of the stage movement time (tens of milliseconds). By parallelizing 

stage movement with CCD clearing, data transfer, and storage, the major time components 

were reduced to stage movement time and exposure time.  

For each exposure, ~ 50 to 100 spectra are recorded. I designed the software 

interface to provide the operator with useful information about the incoming data in real-

time and also to allow quick post-acquisition processing. This gives the user access to data 

metrics such as signal to noise (SNR) and signal to background ratios (SBR), background 

corrected spectra, and data cube sectioning to make on the fly adjustments to any of the 

instrument’s many parameters. For instance, in order to increase the SNR, the user can 

make an informed decision of whether to increase the exposure time, decrease the CCD 

clearing rate to reduce shot noise, or decrease the wavelength or spatial resolution. These 

parameters and a host of others are adjustable, allowing a skilled user to maximize data 

quality while minimizing data acquisition time and wasted effort.  
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Figure 3.3.1 The front panel of the control software is shown during a focusing 

routine. The sum over all wavelengths is shown in the top right intensity map, while 

30 spectra from the last acquisition are still displayed on the realtime readout in the 

lower right tab. The lower spectrum in large left tab shows a local background and 

the spectrum just above this is a background realtimespectrum of the particle 

identified by the red dashed cursor in the hyperspectral sum image.  This real time 

single particle spectrum is being used to check and adjust the focus of the 

microscope. 
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3.6. Data Processing and Analysis 

All analysis is performed with custom scripts that I wrote in the matrix computing 

software, Matlab (Mathworks). Depending on the type of experiment performed, data 

analysis varies. However, elements of all analysis scripts are similar. For this reason I will 

present these generally in Section 3.6.1 and then describe further analysis in Section 3.6.2. 

3.6.1. Single Spectrum Processing 

Several optical and electronic effects justify the correction of scattering spectra. 

Because the exciting Tungsten-Halogen lamp has a nonflat spectral output through the 

visible range, the measured scattering spectrum of a partcile is a linear convolution of the 

scattering spectrum, the spectrum of the illumination source, and the instrument response. 

In order to correct this, an instrument response function can be measured by comparing 

the measured spectrum of a calibrated light source and the theoretical spectrum of this 

source, as in Equation 3.6.1. 
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Equation 3.6.1 – Instrument Response Function (IRF) 

Subsequent spectra acquired with the instrument can be corrected for instrument response 

by dividing by the IRF. However, another convolution is present in white light spectroscopy 

due to the non-flat spectrum of the illumination source. As such, subsequently dividing by 
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the theoretical light source spectrum results in the actual scattering response of the 

measured target as in Equation 3.6.2.  

�'"�(!�'# ����� ��# )�� ���� =  
��"����# ��� ���� − #"�%  �����

�
�
 

Equation 3.6.2  Flatfield corrected spectrum 

Clearly, this results in multiplying by and then dividing by the theoretical lamp spectrum. 

We can circumvent this process this by dividing measured scattering spectra by the 

spectrum of the lamp measured on the same instrument in the same optical configuration. 

The flatfield corrected scattering spectra is then given by Equation 3.5.3. 
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Equation 3.6.3 Flatfield corrected scattering spectrum 

Finally, spectra are corrected for local background due to diffuse light scattered from out of 

focus areas of the sample or from the substrate. Again, because dark counts and readout 

noise are subtracted from the spectrum of the object of interest and from the local 

background spectrum, the dark count terms in the numerator cancel, leaving Equation 

3.6.4, which is used to calculate each spectrum in this thesis. 
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Equation 3.6.4 Background and Flatfield Corrected Spectrum 

3.6.2. Hyperspectral Image processing 

Because a hyperspectral image is essentially a two dimensional array of individual 

spectra, the spectral processing is no different than that of Section 3.6.1. Image processing 

then deals with the identification and assignment of individual spectra as background or 

nanoparticles. In theory this can be a very simple process with user input. However, the 

development of an unbiased autonomous image processing algorithm is more complicated 

and difficult but justifiable if many images are to be read in. During the short life of the 

instrument, hundreds of hyperspectral images have been acquired, each comprised of 

roughly ten thousand spectra with hundreds of nanoparticles per image. This warranted 

the design of a custom particle identification program, the details of which are beyond the 

scope of this thesis. 

Given that the apparent size of a sub-wavelength plasmonically active nanoparticle 

under dark field observation is just under 1 μm, and magnification of 63x is used in this 

study, the image of a single nanoparticle produced by the microscope is approximately 60 

μm in diameter. The pixel size in a hyperspectral image at the image plane of the entrance 

slit is 20 μm, implying that the apparent spot size of single nanoparticles is larger than a 

single pixel. Multiple pixels must be integrated to make efficient use of the hyperspectral 

image. Then the major role of image processing becomes the intelligent identification of 

nanoparticles and their boundaries. With this information, nanoparticle spectra, and local 
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background spectra can be used in equation 3.6.4 to calculate the spectrum for each 

particle in an image. In summary, the roles of hyperspectral image processing are to: 

• programmatically identify particles and correlate them with other hyperspectral 

images 

• harvest and provide local background and local flatfield corrections for 

identified particles 

• integrate spectra from pixels assigned to each particle and calculate local 

flatfield and local background corrected spectra 

• quickly represent the enormous amount of data in a digestible and informative 

manner 

3.7. Electrochemical workstation integration 

The power of the home-built instrument lies in purpose specific customization. In 

order to enable time-correlated spectral acquisition and electrochemical control, I 

integrated a commercial full electrochemical workstation potentiostat (CH Instruments, 

Model 630-D). To do so, custom LabView virtual instruments were written in conjunction 

with a software engineer at CH Instruments to interface with the proprietary monolithic 

electrochemical control software. At the time of this writing, an extremely limited subset of 

the full instrument capabilities have been developed because of a lack of need. For future 

investigations which require more sophisiticated electrochemical measurements than 

linear sweep voltammetry and its variants (cyclic voltammetry, most importantly), greater 
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instrument control will be necessary. Figure 3.7.1 shows a diagrammatic representation of 

the dark field hyperspectral microscope with full electrochemical integration. 

 

Figure 3.7.1 Instrument setup diagram for the spectroelectrochemical hyperspectral 

dark field microscope.  
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Chapter 4 

Materials and Methods 

4.1. Spectroelectrochemical cell preparation 

An optically transparent electrochemical cell was fabricated for use in transmission 

dark field geometry. The sealed electrochemical cell was constructed using: 

• one 22×22×0.16 mm coverslip (VWR) 

• one ITO coated 22×22×0.16 mm coverslip – working electrode (VWR, 

ThermoScientific) 

• 0.1 mm round Ag wire – quasi-reference electrode (Sigma Aldrich) 

• 0.1 mm round Pt counter electrode (Sigma Aldrich) 

• Silver paint (SPI) 

• two adhesive 0.12 mm thick silicone spacers (Grace Biolabs) 

• one 0.5 mm thick silicone spacer (Grace Biolabs) 

• 100 mM NaCl electrolytic solution (Sigma Aldrich) 
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Figure 4.1.1 The sample geometry is shown in this diagram. A white light darkfield 

condenser focuses incident white light through the thin electrochemical cell, focused 

on stationary 50 nm Au colloid adsorbed to the ITO working electode. Scattered light 

is collected with the objective and then directed to the imaging spectrometer setup. 

A hybrid working electrode was constructed by depositing 50 nm diameter 

spheroidal gold particles onto clean ITO. Prior to deposition, 0.16 nm thick coverslips were 

coated on one side with high quality ITO thin film (Thermo Scientific). The ITO coverslip 

along with the parallel uncoated glass coverslip were cleaned using a method adapted from 

Yun et al.58 This cleaning method consists of an elevated temperature (43 º C) soak in 

20:4:1 solution of H2O : H2O2 (30%) : NH4OH (70%). The slides are then rinsed in deionized 

water. They are then washed twofold in an ultrasonic bath of deionized water for 10 

minutes, followed by 15 minutes of ultrasonic cleaning in 2-Propanol (C3H8O). Finally, the 
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slides are rinsed extensively in Millipore filtered deionized water and remain in an 

ultrasonic bath until being removed and dried quickly with a directed dry N2 jet.  

A stock solution of 50 nm gold colloid (Nanopartz) was diluted 1:100 with Millipore 

filtered deionized water. This solution was sonicated for 30 s prior to dropcasting 10 μl 

onto the ITO surface with a micropipette. A weak jet of dry nitrogen gas was used to constantly 

move the drop of solution over the hydrophilic ITO surface until ~ 1μl of solution remained. This 

final drop was removed from the slide surface using a strong dry N2 jet. To remove weakly 

bound Au particles, a threefold rinsing step is performed with 200 μl of Millipore filtered 

deionized water micropipetted onto the ITO surface. The large water drop is held on the slide 

surface for 30 s and then carefully removed by tilting the slide on a Kimwipe. The slide is then 

dried with a moderate N2 jet. Extreme care is taken to prevent the opposite side of the coverslip 

from contacting any solution containing Au nanoparticles. The rinse step is repeated three times 

to achieve sparse nanoparticle coverage while still preserving naturally occurring dimers, and aid 

in the removal of excess surfactant from  the nanoparticles and ITO surface. The ITO coated 

slide with adsorbed Au nanoparticles is then plasma cleaned in an O2 plasma at 200 mT for 20 

seconds to destroy remaining surfactant. 

The transparent electrochemical cell is built stepwise in a custom aluminum sample holder 

that I fabricated in the Rice graduate student machine shop. First, copper magnet wire is soldered 

to short electrode leads that will form the various electrodes: Pt wire for counterelectrode, Ag 

wire for quasi-reference electrode,and Ag wire to serve as a an intermediate lead to the ITO/Au 

colloid hybrid working electrode. All silicone spacers are trimmed precisely to facilitate the 

successful fabrication of the cell.  
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• The Ag intermediate electrode is silver painted to the ITO working electrode.  

• The first thin doubly adhesive silicone spacer (25×25×0.12  mm ID: 13 mm)  is 

attached to the working electrode, providing electrical insulation from the 

reference and counter electrode and mechanical support for the working 

electrode lead attachment.  

• Next the Ag reference electrode and the Pt counter electrode are placed on the 

cell and a first visual inspection is performed to ensure proper placement of all 

electrodes. 

• The second doubly adhesive thin silicone spacer is placed atop the first spacer 

and the reference and counter electrodes. This geometry provides a solution-

tight seal around the perimeter of the electrochemical cell volume. Another 

visual inspection is performed to ensure the proper electrode contact and 

placement. 

• The 0.5 mm thick silicone spacer with inner diameter ~15 mm is placed atop the 

adhesive spacer and electrode stack and a seal is ensured visually around the 

perimeter of the cell volume.  A dry N2 jet is used to remove any dust particles 

from the cell before introduction of electrolyte. 

• Next, 0.6 ml of 100 mM NaCl is overfilled into the cell. Because the spacers are 

extremely hydrophobic, overfilling is critical to ensure proper bubble-free 

preparation of the cell. After this extreme overfilling, a micropipette is used to 

remove approximately 0.4 ml of the electrolytic solution from the cell. Liquid 

contact must be maintained with the top ridge of the silicone spacer to maintain 
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cell integrity during the final sealing step. However a delicate balance must be 

struck as the glass coverslip which will seal the cell is extremely hydrophilic. Too 

much overfilling will result in a rapid wetting of the entire top coverslip if excess 

solution is not properly removed.  

• To seal the cell, a clean 22×22×0.16 mm coverslip is carefully lowered onto the 

electrochemical cell spacer stack and overfilled electrolyte solution. This must be 

accomplished under delicate control, as strong adhesion forces will tend to 

accelerate the slide and form small bubbles which are intolerable for 

transmission dark field microscopy. Following the successful installation of the 

top window of the cell, all excess solution must be wicked from the edges and 

the coverslip must be pressed to the silicone spacer to form a solution-tight seal. 

• Lastly, a top press clamp is used to press seal the cell for the duration of the 

experiment. This whole assembly is then transported to and mounted on the 

inverted dark field microscope. After establishing an oil meniscus between the 

bottom window of the cell and a 63× oil immersion objective, the leads to the 

electrochemical workstation controller are attached to the copper reference, 

working, and counter electrode leads. The open circuit potential is measured for 

the cell and compared to previous values under identical conditions to ensure 

cell integrity. 
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4.2. Individual scattering center spectroelectrochemical tuning 

measurements 

To investigate electrochemical tuning of plasmonic nanoparticles and dimers during 

cyclic voltammetry on the second time scale, single scatterers were observed by 

positioning the spectrometer slit at the center of the image of the object of interest and 

opening the slit to a width 3 times the width at which no measurable increase in intensity 

was observable with increasing slit width. The reason to integrate over an area larger than 

the apparent size of the particle is to account for potential sample drift  in either x-y 

position or small focus drift. This critical width is of course dependent on the scattering 

intensity, the scattering cross-section of the particle, as well as the total magnification. For 

the 50 nm particles and pairs studied and presented in this thesis with a 63x total 

magnification, a 160 μm slit width was used, corresponding to a square integration area of 

6.5 μm2 (2.54 μm side length). Corresponding bin width is achieved programmatically by 

selecting the spectrograph CCD pixels rows corresponding to the particle center position ± 

half the bin width.  
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Chapter 5 

Electrochemical tuning of single particles: 

Comparison to literature 

In order to verify and gain insight on the electrochemical tuning process and 

experimental details, benchmark studies were chosen and the major experimental data 

were reproduced. In order to facilitate the clear presentation and discussion of the 

following electrochemical tuning experiments, I have categorized them by the voltage 

range over which cyclic voltammetry is performed. For each range, I give a brief summary 

of the findings in the literature in this potential range. I also discuss the physical models 

used in the literature to describe and/or model observed phenomena. I then present time 

series scattering spectra of a single particle during a cyclic voltammogram. I group the 

discussion of my data with the results in light of the body of literature presented in Chapter 

2. 



 42 

 

5.1. Anodic Charging Regime 

5.1.1. Original Study Summary 

In 2009, Novo et al. from the Mulvaney group at University of Melbourne published 

a study in which they electrochemically tuned the LSPR of gold nanorods, trigonal prisms, 

and spheres in 100 mM KCl.35 The researchers collected scattering spectra from the 

nanoparticles using a dark field microscope and a traditional spectrograph. After the 

potentiostat adjusted the potential difference within the cell, a scattering spectrum from a 

given particle was measured. This was repeated several times until the minimum voltage 

was reached (-1.4 V) at which point the direction was reversed and scattering spectra were 

recorded at each step.  

In the study, the authors noted that they could observe clear blue shifts for applied 

potentials between -0.6 and -1.4 V.  A maximum spectral blue shift of 11 nm was observed 

for one of the nanorods that they measured. However, a trigonal prism more similar in 

volume to the spheroidal gold colloid used in my experiment shows a 4 nm shift with the 

largest blue shift occurring at –1 V. The authors interpreted the monatonic blue shifts as an 

increase in the electron density in the nanoparticles caused solely by double layer charging. 

In other words, the nanoparticles undergo non-Faradaic charging, with electrons being 

injected from the ITO working electrode which is of course connected to ground through an 

ammeter. In this model,5,13,35 the plasma frequency of the gold is increased by the increase 

in electron density. The authors calculate the number of electrons that would need to be 

injected to account for the 11 nm blue shift of the nanorod noted earlier. By using this 
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model, the authors assumed that no surface reactions take place and neglect any changes in 

dielectric constant of the surrounding medium. The authors report that 85,000 electrons 

must be injected into the nanorods to result in an 11 nm resonance shift.  

In the recent work by Dahlin et al. on fabricated nanodisks and nanohole arrays (~ 

170 nm diameter, 35 nm thickness), they perform a series of experiments to determine 

whether double layer refractometric effects contribute to resonance shifts in the potential 

range +200 to  -800 mV.27 They separately used four electrolytes with cations of much 

different Debye lengths, and measured the resonance shifts in otherwise identical cyclic 

voltammetry experiments. They found that the charging showed no dependence on the 

cation in solution, suggesting that at least for their large particles, double layer 

refractometric effects were not significant. 

5.1.2. Experimental Summary 

In order to investigate a similar energy range electrochemically, I did experiments in 

the potential range 0 V to -0.8 V vs. Ag quasi-reference electrode. An optically transparent 

electrochemical cell described in Sub-Chapter 4.1 was used to regulate the potential of the 

working electrode. Cyclic voltammetry was performed as described in Sub-Chapter 4.2. 

Briefly, spectra were collected for and recorded every two seconds during successive 

alternating voltage ramps. The potentiostat monitored and regulated the potential of the 

working electrode versus the reference electrode and recorded the current flowing into the 

working electrode. The potential was swept at 10 mV/s and the electrochemical current 

was recorded at 1 mV intervals. Spectra were recorded over a 2 second time window, 
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resulting in a potential change during integration of just 20 mV.  The minimum potential 

accessed was -800 mV in order to prevent irreversible electronic, optical, and chemical 

changes to the ITO substrate as reported by Senthilkumar et al. at potentials lower than -

800 mV.59 

5.1.3. Results and Discussion 

 

Figure 5.1.1 Darkfield scattering spectra are shown for the positive and negative 

potential vertices. Experimental spectra are shown as a scatter plot and fit lines of 

corresponding color are shown for two time points correspending to the third 

complete cycle in Figure 5.1.2. 
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Figure 5.1.2 (a) Experimental spectra are shown as a function of experiment time. 

The vertical direction corresponds to the wavelength of scattered light and the color 

axis indicates the intensity of scattered light collected at that wavelength at time. 

Panel (b) shows the shift of the plasmon resonance from that at time = 0 s. Peak 
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position is found by fitting each acquired spectrum with a single Lorentzian curve. 

The height of each curve, and the numerically integrated area below each Lorentzian 

curve are shown in panel (c). The applied potential vs. Ag quasi-reference electrode 

and the current are shown in panel (d).  

Figure 5.1.2 shows results of an electrochemical cycling of a single 50 nm gold 

colloidal particle from 0 V to – 0.8 V repeatedly. In panel (a), 400 spectra are shown in a 

time series. Each pixel column represents one scattering spectrum of the particle. Each 

spectrum is fitted with a single Lorentzian curve. Because we are interested in the relative 

changes of the resonance, damping, and intensity modulation of the scattering spectrum, 

metrics of these are extracted and plotted. For the resonance shift, the initial peak 

corresponding to 0 V is subtracted from the peak location of each Lorentzian fitting curve. 

The normalized change in fit height is found by subtracting the initial 0 V spectrum fit 

height from each subsequent fit height and the resulting change is then normalized by the 

same initial fit height value.  The fit area of each spectral fit is calculated by numerically 

integrating each extrapolated fit (1 – 1500 nm) in order to avoid changes in fit area caused 

by finite width effects and lateral shifts of the Lorentzian curve.  

In Figure 5.1.2, we observe several behaviors. In panel (b), we see that the localized 

surface plasmon resonance of the particle shifts between 2.5 and 3 nm. We also see that the 

maximum blue shift coincides with the most negative potential. Careful inspection shows 

that the blue shift during the voltage ramp from 0 to -0.8 V is not monatonic. In the 

potential range 0 to -0.2 V no shift to slight red shift is observed. Also in panel (b) we see an 

apparent overall blue shift of the resonance over the 800 second experiment. In panel (c) 

we can see that the fit height undergoes weak modulation if any with the only apparent 
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local minima in the – 0.2 V area in the cathodic scan direction. Finally, we see from panel 

(d) that the overall shape of the current profile at least appears to be constant but the 

magnitude decreases significantly from the first to the second, with diminishing change for 

each following cycle. From a meta-analysis standpoint, viewing cycling data as a function of 

experiment time is mostly useful for looking at how metrics change from cycle to cycle. In 

order to see trends over individual cycles and to establish trends of the system, it will be 

useful to view this data as a function of applied voltage.  

Figure 5.1.3 shows all of the data shown in Figure 5.1.2as a function of applied 

voltage rather than experiment time. In panels (a – c), I show the LSPR, the peak scattering 

intensity, and the integrated fit area in terms of normalized relative changes. Each cycle is 

treated independently, according to Equation 5.1.1 


�'"�!-� ����"'!.�# #"�" =  
#"�" − #"��� �0 0�

#"��� �0 0�
 

Equation 5.1.1 Equation used to calculate the relative normalized change in LSPR, 

peak scattering intensity, and integrated Lorentzian fit area in Figure 5.1.5 and all 

plots of this style. 

Because the aim of this analysis is in uncovering cyclic trends in the data, the mean 

and standard error of the data is computed for each applied potential throughout the cycle. 

The mean is showed by data points and lines, while the standard error is indicated with 

symmetric error bars. For clarity, the first half of each cycle is shown with a dashed line, 

and the second half is shown with a solid line. Because the aim of this plot is to view trends 
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in the data, the mean value across cycles is also computed and plotted  in a solid blue line. 

While Figure 5.1.3 panels (a-c) show the normalized change, panel (d) is the classical cyclic 

voltammogram. Take note that the cyclic voltammogram is a bulk measurement, recorded 

by a precise ammeter in the potentiostat, while the top three measurements are extracted 

from scattering spectra. 

From Figure 5.1.3, we see that when we view all cycles in superposition, obvious 

trends emerge. In panel (a) we confirm that on the cathodic  scan (0 to -800 mV), the LSPR 

does indeed show two separate behaviors. From 0 to -0.3 V, on average we see no 

resonance shift, while from -300  to -800 V, we see a 2 nm blue shift. On the return scan 

back to 0V, we again see a nearly linear red shift from -800 mV to -300 mV (-2.3 nm to -1. 5 

nm). From -300 to 0 mV, the LSPR nearly recovers super-linearly, but it shows an overall 

cycle blue shift as observed in Figure 5.1.4. Panel (b) of Figure 5.1.3 shows the normalized 

change in intensity as measured by the peak intensity of the Lorentzian fit for each 

spectrum. On average (blue line) we see a closed cycle (zero total hysteresis) but closer 

inspections reveals that a large variance within the cycles exists. Nonetheless, the major 

features of interest are captured within the mean. We see that the both the anodic and 

cathodic scan directions show distinct behavior. Here, the anodic scan (dashed line) shows 

a 2% to 5% decrease in intensity from 0 to -250 mV. At this point, the intensity returns to 

the initial value over the range -250  to -400 mV and remains nearly constant until -800 

mV. On the anodic scan (solid lines) the intensity remains nearly constant from -800 mV to 

-400 mV at which point the intensity increases slightly before decreasing sharply at -80 

mV. 
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Figure 5.1.3 Panel (a) shows the shift in LSPR as a function of wavelength for each 

cycle. The first half of the cycle is shown by a dashed line and the second half with 

solid. The data in this panel corresponds to that of Figure 5.1.4 (b). Panel (b) shows 

the normalized relative intensity change for each cycle. Panel (c) shows the 
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normalized relative change in the Lorentzian fit area. Panel (d) shows the cyclic 

voltammogram (CV). 

Figure 5.1.3panel (c) shows little obvious change, with relative changes within the 

noise level.  Panel (d) shows the bulk cyclic voltammogram for the ITO/Au working 

electrode. We see an exciting cathodic scan (dashed) with a large wave peaked at -600 mv. 

The onset of this adsorption or reduction wave appears to be around -400 mV. Because the 

electrolyte is 100 mM NaCl, the adsorbing species is assumed to be Na+ cations. The anodic 

scan shows a monatonically decreasing current magnitude with no observable oxidation 

wave, lending to the notion that the obvious event in the cathodic scan is the adsorption of 

cations. As in Figure 5.1.3, we see an overall decrease in magnitude of the electrochemical 

current at -800 mV. Following Novo et al,35 assuming that electron charging is the sole 

contributor to the resonance shift, I calculate the total number of electrons necessary to 

cause the observed shift throughout the averaged cycle shown in Figure5.1.3 panel (a). 

Assuming a 50 nm Au spherical particle with the density of bulk Au, the number of 

electrons for a neutral particle is 5.23 × 106. To account for a 2.3 nm blue shift solely from 

charging, 45,600 electrons or 0.87% of the initial amount of electrons would have be 

injected into the particle according to the equation Δω =  ω3�41 + ∆�� − 1� .20 Figure 

5.1.4 shows the total number of electrons that would correspond to the observed spectral 

shifts. In panels (a) and (b), the number of electrons injected using this simple modified 

Drude Model are shown as a function of experiment time and potential, respectively. 

Keeping with the convention established in Figure 5.1.3, the first half of the scan is shown 

by a dashed line and the second half of the scan is shown with a solid line.  
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Figure 5.1.4 The number of electrons injected into the Au nanoparticle calculated 

using the model proposed by Novo et al, modified from nanorod to spherical 

particle.35 Panel (a) and (b) show the number of electrons injected as a function of 

elapsed time and applied potential, respectively.  

In discussing Figure 5.1.6 panels (a) and (b), it is important to note that the data is 

the same as shown in Figure 5.1.5 panel (a) but with a constant multiplier. It is of interest 

that the model actually predicts a loss of electrons for the first portion of the anodic scan 

(red shift).  

5.2. Ideal Polarizable Electrode Regime 

Following the study of the single particle charging from – 800 to 0 mV with cyclic 

voltammetry, we note that it appears that one linear charging region exists from – 300 mV 

and downward. To investigate the next regime, I set out to study a small potential range 

through which there should be no chemical reactions. At 600 mV I observed a strong 

damping associated with the chloridation of the Au nanoparticle surface, consistent with 
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more recent literature.25–27,49,60 Following the success of the previously cited works, I 

limited the potential range from -200 mV to 500 mV.  

5.2.1. Original Study Summary 

In 2009, Sannomiya et al. from the research group of Andreas Dahlin at ETH Zurich 

published an article in which they investigate the electrochemistry of gold nanoparticles on 

ITO under cyclic voltammetry. In their study, they used very dense particle coverage and 

measured the bulk transmission for a large number of particles. They study three voltage 

regimes: -200 to 500 mV, -200 to 800 mV, and -200 to 1500 mV. In this bulk study, all 

single particle behavior was unobservable due to inhomogeneous spectral broadening. 

Nevertheless, over this voltage range, they report an LSPR shift of almost 2 nm along with 

reversible intensity modulation and spectral broadening. Since their first report, they have 

used this regime to study reaction free electrochemical annealing,25 to study 

electrochemistry of gold nanowires,49 and to study electrochemical tuning mechanisms 

with large nanodisks and nanoholes27 as discussed in detail near the end of Chapter 2. 

Through this region they found that the spectral shift, plasmon damping, and plasmon 

intensity cycles reversibly. They also report that for bulk measurements of 50 nm gold 

colloid on ITO in 100 mM NaCl, peak shifts of 2 nm are observable and are nearly linear 

with potential. They report an increase in the damping with potential and nearly linear 

decrease in the peak height with increasing potential.  
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5.2.2. Experimental Summary 

To investigate electrochemical charging of single Au particles in a potential region 

without any electrochemical activity other than double layer charging, I recorded 

scattering spectra in a separate but identical cell as described in Sub-Section 5.1.2. Briefly, I 

used a thin optically transparent electrochemical cell consisting of a Pt counter electrode, 

an Ag quasi-reference electrode, and and ITO working electrode with adsorbed 50 nm Au 

colloid. 100 mM NaCl served as the electrolyte in the sealed cell. Scattering spectra were 

collected while an electrochemical workstation swept the voltage in a sawtooth pattern, 

recording a cyclic voltammogram. The sweep rate was fixed at 10 mV/s and spectra were 

integrated for and recorded every two seconds throughout the experiment.  
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5.2.3. Results and Discussion 

 

Figure5.2.1. Scattering spectra and corresponding Lorentzian fits are shown for E = 0 

V (magenta), E = -200 mV (blue circles) and E = 500 mV (green sqaures) for the 

fourth electrochemical cycle shown in Figure 5.2.2. 

As in Sub-Chapter 5.1.3, Figure 5.2.1 above shows scattering spectra and Lorentzian curve 

fits for the potentials indicated in the figure legend. The spectra are taken from the fourth 

cycle shown in Figure 5.2.2. We see from this figure that the maximum scattering intensity 

corresponds to 0 V and the lowest corresponds to 500 mV accompanied by a small red 

shift. To better investigate, we turn to Figure 5.2.2. 
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Figure 5.2.2 The scattering spectra for 5 voltage cycles from 0 → 500 → -200 → 0 mV 

is shown in (a). The change in peak position from each Lorentzian fit is shown in (b). 

In (c), the normalized change in Lorentzian fit height and integrated area beneath 
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the curve are shown. The applied potential is shown in blue and the recorded 

electrochemical current is shown in green in (d). 

In Figure 5.2.2 panel (a), we immediately see a sort of pulsing behavior in both peak 

intensity and width. We also notice that visually, the cycles are nearly indistinguishable 

from one another. In order to quantitatively look at the cycle to cycle behavior, we look to 

panels (b) and (c). In (b) we see that the LSPR undergoes both red and blue shifts with the 

red peaks broad and round and the blue peaks narrow and pointed. The red shift shows no 

apparent hysteresis over the five cycles, while the blue shift does show a decrease in 

maximum magnitude from cycle two onward. Panel (c) shows that the integrated fit area 

appears to be strongly negatively correlated with the resonance shift, appearing as nearly a 

mirror image of panel (b). We observe that the peak intensity increases a few percent over 

the course of the experiment. While the fit area shows more noise, it also appears to be 

negatively correlated with the resonance shift. Along with the peak intensity, the integrated 

scattering fit area also increases throughout the experiment. The current shows no 

remarkable features, as expected for this potential range.  

Figure 5.2.3 displays this information as mean and standard error over all cycles as 

a function of applied potential. The resonance shift in panel (a) observe a nearly closed 

loop for the resonance shift, intensity change, and fit area change. This is indicative of a 

reversible tuning mechanism with different forward and reverse rates. 
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Figure 5.2.3 The relative change in LSPR for each individual cycle is shown in panel a 

with an average over all cycles shown in blue. The first half of each cycle is shown as 
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a dashed line and the second with a solid. The normalized relative changes in peak 

intensity (b), fit area (c) are shown using the same dashed-solid and color scheme. 

The CV is shown in panel (d). 

The fact that the anodic and cathodic scans do not lie atop one another, but instead 

enclose some area indicate that the tuning mechanism has a slower time scale than the 

potential scan rate of the experiment. Comparing Figure 5.2.3 panel (a) with (b) and (c), the 

negative correlation from Figure 5.2.2 is apparent. From (a) and (b), the peak scattering 

intensity maximum and highest energy LSPR coincide at 0 V. During the anodic scan from 0 

to 500 mV, the LSPR increases roughly 2 nm sublinearly with applied potential. Over the 

same range the peak scattering intensity decreases sublinearly by nearly 20 %, and the fit 

area decreases by roughly 12% for the mean cycle. Upon reversal of scan direction, all 

three metrics show fast reversal. During the scan from 500 to -200 mV the LSPR blue shifts 

to nearly the initial value. Over the same potential range, peak intensity and fit are increase 

sublinearly and continue to do so after the scan changes direction and returns to 0V. Note 

that for the previous potential range explored in Sub-Chapter 5.1 (0 to -800 mV) the LSPR 

and peak intensity reverse direction rapidly with changing scan direction at -800 mV, while 

at the 0 V turning point, both spectral measures lag and left large hysteresis loops. 

Figure 5.2.4 shows the amount of electrons injected into the Au colloid according to 

the simple modified Drude model.13 Panels (a) and (b) show the calculated number of 

injected electrons as a function of elapsed time and potential, respectively. 
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 Figure 5.2.4 The number of electrons injected into the Au nanoparticle calculated 

using the model proposed by Ung et al, modified from nanorod to spherical 

particle.35 Panel (a) and (b) show the number of electrons injected as a function of 

elapsed time and applied potential, respectively.  
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Chapter 6 

Spectroelectrochemical Tuning of 

Plasmonic Dimers 

Having studied single particles under electrochemical control and demonstrating 

that my experiment reproduces the literature,26,35 I began preliminary analysis of my target 

system, naturally occurring plasmonic dimers. There are several motivations for studying 

electrochemical tuning of plasmonic dimers. The first and seemingly simplest reason to 

study dimers is to amplify the small tuning observed for single particles. According to the 

universal plasmon ruler equation developed by Jain et al. in 2007,  the dipolar mode shift 

for coupled particles is linearly dependent on the initial resonance wavelength.61 From a 

simplistic point of view, we could expect the resonance peak of the dipolar mode of a dimer 

to show the same qualitative behavior but twice the resonance shift of a single particle. 

This reasoning assumes that each constituent particle behaves as a single particle.  It also 

implies that any changes in the polarizability of the medium in the interparticle gap play no 

role in the coupling.  
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This brings me to the second motivation to study electrochemical sensitivity of 

plasmonic dimers. Plasmonic dimers have been used extensively for their extreme 

electromagnetic field enhancements in Surface-Enhanced Raman Scattering (SERS), 

Localized Surface Plasmon Resonance (LSPR), Surface Enhanced Infrared Absorption 

(SEIRA), and many other sensing applications.62 The physical mechanism exploited in these 

special sensing techniques is the subwavelength field enhancements in the small 

interparticle region. Because of this extreme focusing of the incident field, surface sensitive 

techniques such as SERS have been shown to exhibit extraordinary sensitivity to species 

inhabiting this interparticle region. Through the results presented in this chapter I present 

the case that enhanced sensitivity to electrochemical modifications to the gold surface 

leads to extreme sensitivity of the longitudinal mode to electrochemical phenomena. 

As in Chapter 5, I present my findings for the potential regimes -800 mV to 0 mV, -

200 mV to 500 mV. Dimer instabilities in the chloridation regime prevented reliable data 

acquisition to date. In all cases cyclic voltammetry (CV) was performed in the forward scan. 

All data analysis is performed as described in Chapter 5. However, in the case of dimers, I 

fit the scattering spectra with the sum of two Lorentzian curves. As will be seen, three 

separate dimers are shown, originating from three separate but identical electrochemical 

cells to avoid any history effects observed in earlier experiments.  Because I am studying 

naturally occurring dimers the interparticle separation is variable. The three dimers 

featured are very strongly coupled with resonance mode separations of 112, 139 nm. The 

Faradaic charging regimes showed dimer instabilities upon illuminated electrochemical 

cycling. There is much to be learned from these very dynamic systems, but at present I will 
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focus more on the fully reversible non-Faradaic cycling regime which is shown in Sub-

Chapter 5.2 for a single particle and Sub-Chapter 6.2 for a dimer. All dimers were located 

using the fast screening technique of hyperspectral imaging. The ability to quickly identify 

strongly coupled dimers greatly expedited experiments and will allow for similar 

experiments with interval hyperspectral imaging to monitor for long term hysteresis over 

many particles in parallel.  

6.1. Anodic Charging Regime 

As in Sub-Chapter 5.1, I begin by presenting representative spectra for local 

resonance shift extema in Figure 6.1.1. We note already that there are several local 

extrema, in contrast to the monatonic shifts for single particles. To investigate this, we turn 

to the discussion of the full data set in Figure 6.1.2. 
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Figure 6.1.1 Spectra are shown for the first cycle shown in figure 6.1.2. Spectra are 

shown for local spectral shift minima and maxima along with the corresponding fits 

composed of two Lorentzians.  

In figure 6.1.2, I show three complete cyclic voltammograms along with the 

correlated spectra, resonances, and damping parameters as in Chapter 5. Throughout 

Chapter 6, I use blue lines and markers to signify the higher energy mode and red lines and 

markers to signify the lower energy mode. As evident, I use the terminology of the plasmon 

hybridization theory to signify lowest energy bright modes of the coupled spherical 

particles (m=0 and m=1 l=1 symmetric modes). As a note to the reader, because we excite 
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with a dark field condenser and use no polarization optics, both bright modes easily couple 

to incident light.   
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Figure 6.1.2 In panel (a), scattering spectra are shown for three complete cycles as 

an intensity plot. Panel (b) shows the relative resonance shift of both thelongitudinal 

(red) and antilongitudinal (blue) modes with respect to their initial E=0V positions. 

Likewise, panel (c) relative normalized changes in Lorenzian fit height and 

integrated area for both modes. Panel (d) shows the time-correlated applied 

potential (blue, left axis) and bulk electrochemical current (green, right axis). 

From Figure 6.1.2, it is immediately evident that the this system does not show the 

same cycle to cycle stability as demonstrated for a single particle over the same potential 

range in Figure 5.1.2. Because of the observed instability of strongly coupled dimers, the 

cycles shown are the first three electrochemical cycles performed with this electrochemical 

cell. As a result, the electrochemical current clearly has not equilibrated. In subsequent 

cycles (not shown), the current levels at nearly the value in cycle 3. This is consistent with 

classic electrochemical theory and is related to the populations of ions in the electrolyte 

reaching a charge transfer equilibrium.39 As we look at the resonance shifts of both modes, 

we see that the antilongitudinal mode shifts by roughly 4 nm within single cycles (compare 

to 2 nm for single particle), while the antilongitudinal mode shifts by as much as 17 nm. 

Next, in the cycle to cycle behavior, we see similar shapes for the longitudinal mode 

resonance shift for each cycle, but with an apparent increasing slope added on. Overall, we 

see a periodic modulation in the resonance peaks of both the longitudinal and 

antilongitudinal modes. However, a closer inspection reveals that the modulation is at 

twice the frequency as that of the voltage! An even closer inspection of cycles one and two 

reveal that there are 3 local minima and maxima per voltage cycle. The peak intensity and 

fit area also seem to follow complex voltage dependent changes, with overall time-

dependent drifts. Already, it is clear that the dimer resonance modes do not behave like the 
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single particle in Figure 5.1.2. To better see intra-cycle shifts, I plot the fit metrics averaged 

over the three cycles for each corresponding applied potential. Make note that the cycle to 

cycle shifts are large in this case so the resulting standard error (plotted as error bars) is 

large. I state explicitly here that quantitative conclusions should not be drawn from this 

plot, nor should the implication of cyclic repeatability be made: the overall redshift of the 

longitudinal mode and decreasing intensity indicate that this system is dynamic in time. 

With those caveats, Figure 6.1.3 shows qualitative behavior which differs significantly from 

single particle tuning and represents the general trends observed in Figure 6.1.2. The 

longitudinal and antilongitudinal mode resonances exhibit bimodal crossing trajectories. 

On the cathodic scan, both modes show a blue shift peak at ~ -100 mV and a maximum 

redshift at roughly -500 mV.  Both peaks show a maximum in the return scan direction at 

around -300 mV. The fit intensity also shows complex structure, though most of the 

features visible in panel (b) are within the standard error. The exception are the two peaks 

in the antilongitudinal mode intensity. A broad flat plateau from -200 to -400 mV on the 

negative scan and an intensity minimum at -200 mV in the return scan. The damping 

curves show an overall damping increase with increasing negative potential over the entire 

negative scan. On the return to 0 V, the longitudinal mode shows a slow decline in damping 

from -800 to -300 and then a faster decline to the initial value. The antilongitudinal mode 

actually shows a continued increase in damping from -800 to -300 and then a 15% decline 

from -300 mV to 0 V. What do these trends mean? With this information, it is difficult to 

make many conclusions. Some initial conclusions and hypotheses can be formed. It can 

safely be concluded that plasmonic dimers do not show resonance shift behavior similar to 
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single particles. This initial experiment also suggests that double layer charging is not the 

primary mode of resonance shifts in metallic nanoparticles at anodic potentials as assumed 

and concluded by the studies led by Mulvaney.11,13,35 If only double layer charging were 

taking place, the overall behavior should be similar to single particle charging, with 

perhaps a decrease at larger negative potential due to a buildup of Na+ ions which have a 

much lower polarizability than water (0.086 Å3 vs. 1.45 Å3 )49. Instead, it appears that some 

electrochemical process is occurring which is altering the coupling strength of the 

plasmons of the two particles. This may also be leading to instability of the dimer.  
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Figure 6.1.3 The relative changes in each mode resonance averaged over three cycles 

is shown in panel (a) with error bars indicating the statistical standard error. The 

first half of each cycle is shown as a dashed line and the second with a solid. The 
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normalized relative changes in peak intensity (b), fit area (c) are shown using the 

same dashed-solid and color scheme. The CV is shown in panel (d). 

Figure 6.1.2 shows the experimental data along with the two Lorentzian fit in panels 

(a) and (b). Panels (c) and (d) show the individual fits to each mode, as labeled. each pixel 

column in the false color plot corresponds to one data point in the data set. From this plot 

we can see the relative changes in the antilongitudinal mode more clearly as the intensity 

and tails of the longitudinal mode make it difficult to see any change in the experimental 

data. Additionally the single mode plots can be compared to single particle experimental 

data for a simple comparison and verification that this is indeed very different behavior.  
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Figure 6.1.4 Experimental data from three cycles of 0 → -800 mV and back CV scans 

are shown in (a) with the 2 Lorentzian curve fit shown in (b). Panels (c) and (d) show 

the fits to the individual modes. 
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6.2. Ideal Polarizable Electrode Charging Regime 

As noted in my literature review and background, the linear capacitive 

charging regime is the most commonly explored in the literature because of the lack 

of known and apparent electrode reactions in the -200 to 500 mV potential range. In 

my own studies, this potential range was the easiest to investigate and rendered 

very stable reproducible spectra for many cycles, as evidenced in Sub-Chapter 5.2. 

For this experiment, data was collected from a fresh cell with 100 mM NaCl 

electrolyte, as all other experiments. The cell was not used for other potential 

ranges. In this potential range, as opposed to the last, strongly coupled dimers were 

stable under illuminated electrochemical cycling. Much more reproducible data was 

obtained for this potential range , as will be seen in Figure 6.2.2 
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6.2.1. Results and Discussion 

 

Figure 6.2.1 Spectra are shown for the first cycle shown in figure 6.2.2. Spectra 

are shown for local spectral shift minima and maxima along with the 

corresponding fits composed of two Lorentzians. 

In figure 6.2.1 the experimental scattering spectra for the dimer studied in 

this Sub-Chapter are shown corresponding to local spectral shift extrema. In figure 

6.2.2 resonance shifts, normalized changes in the mode intensities and fit areas are 

shown in panels (a) though (c). The applied potential and bulk electrochemical 

current collected by the ITO/nanoparticle composite electrode are shown in panel 
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(d). Immediately, from the scattering spectra in panel (a) we see that throughout the 

10 electrochemical cycles over the ~ 18 minute experiment, the spectral shifts 

appear to be very repeatable. In panel (c), the fit height and fit intensity of both 

modes appear to be strongly correlated and repeatable. Turning to the resonance 

shift in panel (b), we see starkly different behavior. The longitudinal mode appears 

to blue shift an average of 7 nm per cycle while the antilongitudinal mode shifts less 

than one nanometer in wavelength for the entire experiment. Compare this to the 

single particle in Figure 5.2.2 which showed beautifully periodic redshifts of ~ 1.8 

nm corresponding with the positive potential vertex, +500 mV, and blue shifts of 1 

nm from the initial resonance at 0V, which corresponded to – 200 mV.  From this 

direct comparison, we see that while the single particle resonance both red and blue 

shifted, the longitudinal mode only blue shifts with respect to the mode resonance at 

0 V. Looking from cycle to cycle, we see that the longitudinal mode varies 

significantly from cycle to cycle even though the cell had completely stabilized and 

had undergone 40 previous cycles under observation (typically stabilizes within 5 

cycles or less for single particles). It appears that despite the demonstrated stability 

of the dimer, the longitudinal mode is highly sensitive to some parameter. A visual 

inspection of Figure 6.2.4 confirms that the fits reproduce the data accurately (along 

with residual norms, not shown). Turning our attention to Figure 6.2.2 panel (c), we 

find that the fit areas show no apparent cycle to cycle variation and appear to be 

negatively correlated with the applied potential with some lag near the positive 

vertex potential. The intensity of both modes undergo cyclic modulation in the same 
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manner with the longitudinal mode intensity appearing to shift in modulation depth 

by roughly 3% over 10 cycles.  

 

Figure 6.2.2 In panel (a), scattering spectra are shown for 10 complete cycles 

as an intensity plot. Panel (b) shows the relative resonance shift of both 
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thelongitudinal (red) and antilongitudinal (blue) modes with respect to their 

initial E=0 V positions. Likewise, panel (c) relative normalized changes in 

Lorenzian fit height and integrated area for both modes. Panel (d) shows the 

time-correlated applied potential (blue, left axis) and bulk electrochemical 

current (green, right axis). 

To better analyze the cyclic behavior, the mean and standard error over all 

ten cycles are plotted as a function of the applied potential. It is clear that in contrast 

to the 0 to -800 mV scan range, the spectral response is very repeatable in this 

range. Note the extremely small standard error associated with all metrics with the 

exception of the longitudinal mode resonance shift, which  is still much smaller than 

the curve features. Quantitative analysis is valid for this data set. As such, I will 

compare the fit metrics with those of the single particle for comparison.  

I will first consider the change in intensity and fit area for both modes with 

that of the single particle in Figure 5.2.3, which bear striking qualitative 

resemblance. In Figure 6.2.3 panel (b) we see that the antilongitudinal mode shows 

a minimum 19% below the mode intensity at 0 V, and shows a maximum at -70 mV 

at 1% above the mode intensity at 0 V. The longitudinal mode is similar, but shows a 

24% attenuation at 450 mV in the negative scan direction. There is no enhancement 

observed above the 0V intensity. In comparison, the single particle shows an 18% 

decrease and a 2% increase, showing nearly the exact behavior as the 

antilongitudinal mode.  
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Figure 6.2.3 The relative changes in each mode resonance averaged over ten 

cycles is shown in panel (a) with error bars indicating the statistical standard 

error. The first half of each cycle is shown as a dashed line and the second with 

a solid. The normalized relative changes in peak intensity (b), fit area (c) are 

shown using the same dashed-solid and color scheme. The mean cyclic 

voltammogram is shown in panel (d). 
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The normalized fit area change for both the antilongitudinal and the 

longitudinal mode are nearly the same as the single particle, with the longitudinal 

mode showing a smaller decrease as well as a smaller increase at negative potential. 

The antilongitudinal mode and single particle resonance fit areas show changes of -

12% and +2%. We now turn to the resonance shift. The single particle shows a 

monatonic red shift to 500 mV of 1.2 nm and then a monatonic blue shift back to the 

initial value at -200 mV and no shift on the return to 0 V. The antilongitudinal mode 

of the dimer shows an initial redshift of 0.4 nm from 0 V to 140 m V, which is the 

open circuit potential (OCP) for this cell configuration. The resonance then makes 

no remarkable change during the scan from the OCP to 500 mV and back to 0 V. 

From 0 V down to -200 mV the antilongitudinal resonance blue shifts 0.5 nm to its 

minimum and then increases back to the initial 0 V resonance. Contrast these two 

responses to that of the longitudinal mode. The mean resonance position of the 

longitudinal mode over the observed 10 cycles blue shifts over 6 nm to its minimum 

value on the return scan at 430 mV. It then monatonically increases in wavelength 

by 3.7 nm at    -200 mV and continues to red shift toward the initial value at 0 V.  

This is remarkable. In this potential range, no known electrode reactions 

between bulk gold electrodes and Cl- ions are known.49 As outlined in my literature 

review all studies to this point with the exclusion of Dahlin et al. in 2013 assume and 

conclude that only double layer charging exists in this potential range. If indeed the 

only effect was double layer formation at the positively charged particles, then an 

increase of Cl- ions would be present at the gold surface and presumably in the small 
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interparticle region. Since Cl- has a polarizability much greater than water molecules 

(3.65 Å3  vs 1.45 Å3)49, a large local increase in the polarizability would enhance the 

coupling strength. By this line of reasoning, the lower energy mode should become 

even lower in energy and the high energy mode should become higher in energy. In 

contrast, the experimental data show that the low energy mode (longitudinal) 

increases in energy while the high energy mode (antilongitudinal) decreases in 

energy with increasing potential. This reasoning, based on local changes in 

polarizability and general coupled oscillator behavior lead to the second case 

against purely capactitive charging in another regime that was previously reported 

to be so in the literature.26,34,47 

We see from the data that the energy separation of the two modes is 

decreasing with increasing voltage, and also that the shifts are not actually in sync 

with the voltage either. Both the intensity attenuation and the maximum blue shift 

of the longitudinal mode occurred at -430 mV on the return scan. After scan reversal 

at -200 mV, the intensity and fit area for both modes, and the resonance shift 

continued their gradual increase. Similar behavior is also observed for single 

particle intensity and fit area for both positive potential ranges. This is in 

accordance with the recent hypothesis by Dahlin et al.27 that the resonance shift 

does not depend on the voltage, as Dondapati et al. reported8, but instead on the free 

charge at the time. This could be controlled by adsorption and desorption events 

much slower than Stern layer formation. One proposed surface reaction is 
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underpotential gold peroxide or gold perchloride formation, each removing one free 

electron from the particles and forming an electrically lossy layer on the surface.27  
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While it is impossible to determine without reliable simulation and further 

experiments, it is possible that this lossy monolayer could reduce the coupling 

strength between the dimers.  It is an interesting problem because the single 

particle data along with all literature findings indicate a clear resonance red shift for 

cathodic potentials. Hence, an observed blue shift of the longitudinal mode 

represents a larger change in the coupling than the change in the resonance 

wavelength of each constituent nanoparticle. Along with the many exciting avenues 

discovered during this project but not yet explored, I will begin further experiments 

and simulations immediately to determine the mechanism of the anomalous 

plasmon resonance shifts in nanoparticle dimers. Some plausible experiments and 

study variations for this phenomenon which I will consider are:  

• complex single particles with large field enhancements such as nanostars, 

• particle-substrate coupling as a simple sample geometry with precise gap 

control63  

• bimetallic heterodimers for detection of electrochemical events on one 

particle component 

• systematic size and interparticle distance dependence studies 

• Electrochemical sensing of other halides 

• Lithographically fabricated structures to control interparticle spacing 
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• Chemically assembled dimers to test for possible streric exclusion within the 

interparticle space 

• Modified ITO electrode to limit electrode area to only nanoparticles47 

• Correlated high resolution transmission electron microscopy (HR-TEM) 

These will shed light on an open question in the field and open up a host of 

opportunities for nanoelectrochemical sensors. 
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Chapter 7 

Conclusions 

In order to investigate the electrochemistry of plasmonically active 

nanoparticles, I built a custom hyperspectral darkfield microscope using a standard 

spectrograph, a linear translation stage, an inverted darkfield microscope, and a 

spectroelectrochemical workstation. I wrote custom software using Labview to 

automate acquisition, add desired functionality, and integrate proprietary software 

and drivers from base hardware components into a cohesive hyperspectral imaging 

device with electrochemical control. With this device, I studied two potential ranges 

well studied in the literature and verified that I could observe electrochemically 

induced plasmon resonance shifts for single particles. Following this preliminary 

verification, I conducted preliminary studies  on the electrochemical tuning of very 

strongly coupled plasmonic dimers. These studies suggest that the interpretation of 

electrochemical charging of gold nanoparticles most common in the literature may 



 83 

 

be incorrect. Trends in the coupling behavior suggest that surface modification of 

the gold nanoelectrodes may play a very important role, as hypothesized by the 

mose recent works by Dahlin et al.27 Many avenues for further study were briefly 

outlined to investigate this effect and others. Further inquiry into this exciting 

phenomena is warranted and will be the groundwork for my doctoral studies 

focusing on the development of coupled plasmon resonance electrochemical 

sensors.
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Appendix A 

The spectral stability of a dimer in an active electrochemical cell was tested 

by collecting spectra of a dimer (the same as in Figure 6.2.1) for 10.6 minutes every 

3 seconds while the cell rested at open circuit potential. During this period, the 

longitudinal mode peak position deviates by less than 1 nm from its mean value and 

the standard deviation is 0.27 nm. The antilongitudinal mode peak deviated by less 

than 0.5 nm from its mean value and had a standard deviation of 0.15 nm.  The 

results of this test are shown in Figure A.1 and A.2. 
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Figure A.1:  In the left panel, all spectra redorded during the 10.6 minute idle 

between electrochemical cycles are shown. In the right panel the two 

Lorentzian fit for all spectra are shown in balck with the longitudinal and 

antilongitudinal mode fits shown in red and blue, respectively. The inset 

values correspond to the resonance positions of the two modes as the 

beginning an end of the run. The longitudinal mode has a peak position of 692 

nm at start and finish and the antilongitudinal mode has a peak position of 

554 nm. 
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Figure A.2 shows the experimental scattering spectra as a function of time. 

The resonance shift of both modes throughout the collection period are shown 

in the middle panel and the fit area and fit height are shown in the bottom 

panel in accordance with the data processing discussed in Chapters 4. 

W
av

el
en

g
th

 (n
m

)

 

 

741

687

633

578

523

In
te

n
si

ty
 (a

.u
.)

0

10

20

30

40

     

0

0.5

1

R
es

o
n

an
ce

 S
h

ift
 (n

m
)

     

-0.1

-0.05

0

0.05

N
o

rm
al

iz
ed

 C
h

an
g

e

 

 
Fit Height
Fit Area


