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Optical Readouts of Electrochemistry on Plasmonic Nanoparticle
Electrodes

Andrew James Wilson, PhD
The University of Texas at Austin, 2015

Supervisor: Sean T. Roberts
Co-Supervisor: Katherine A. Willets
This body of work uses optical signatures of molecules to read out
electrochemical events on plasmonic nanoparticle electrodes to report on nanoscale
electrochemistry. Using optical imaging we are able to probe electrochemical processes
with high spatial resolution and sensitivities from single nanoparticles to single
molecules. First, we monitor the change in surface-enhanced Raman scattering (SERS)
from Nile Blue as it is oxidized and reduced to serve as an optical readout for
electrochemistry

on

diffraction-limited

plasmonic

nanoparticle

electrodes.

Superlocalization imaging of SERS is used to show that the position of a molecule on the
surface of a plasmonic nanoparticle aggregate electrode influences the potential at which
it is oxidized and reduced. To probe the role of plasmon excitation in electrochemical
redox events, a block copolymer lithography (BCPL) method is developed to provide
tunable, monodisperse plasmonic nanoparticle electrodes over a large area. Differential
vi

pulse voltammetry and SERS show that the E1/2 of Nile Blue depends on the nanoparticle
electrode size. Further, we demonstrate that laser illumination, which leads to plasmon
excitation, shifts the E1/2 and the onset potentials of Nile Blue to more positive values.
We rule out plasmonic heating as a possible mechanism and provide insight into the role
plasmon-generated hot carriers and the plasmoelectric effect may have on plasmonassisted electrochemistry.
Lastly, we develop a strategy to image electrogenerated chemiluminescence
(ECL) at single gold nanowires to probe the electrochemical activity of many plasmonic
nanoparticle electrodes in tandem. ECL preserves the high sensitivity of an optical
readout without the use of an external illumination source which has been revealed to
alter electrochemical potentials through plasmon excitation. Removal of the stabilizing
surfactant was found to be critical in electrochemically addressing individual gold
nanowire electrodes. Additionally, we use a transparent, conductive polymer blend to
coat the nanowires in order to prevent electrode passivation by a gold oxide monolayer.
An increase in polymer thickness is shown to increase the ECL image quality and
reproducibility, enabling an inexpensive, high throughput testing strategy for correlating
nanoparticle electrode size, shape, and composition with electrochemical activity.
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Chapter 1: Introduction
1.1 NANOPARTICLES AS ELECTRODES
Nanoparticles have been increasingly explored as electrodes owing to their unique
optical, electrical, and chemical properties.1–7 Nanoparticle electrodes are especially good
candidates for electrocatalysis, as high surface area to volume ratios can increase the
number of active sites per area compared to macroelectrodes. Shrinking expensive metals
commonly used for electrocatalysis (e.g. Au, Ag, Pt) to the nanoscale can also reduce
costs and improve economic viability. Additional to these advantages, nanoscale
electrochemistry has shown novel behaviors, hidden by conventional electrochemistry.8
By controlling nanoparticle electrode size, morphology, and environment, new
electrochemical behaviors have emerged not present with bulk marcoelectrodes.9–15 For
example, Ivanova and Zamborini demonstrated that the electrochemical oxidation of
silver nanoparticles is size-dependent and occurs at potentials less positive than bulk
silver.9 Using scanning electrochemical microscopy (SECM), Herrero and coworkers
showed that unique platinum nanoparticle shapes (tetrahedral, cubic, spherical, and
hexagonal) produced different catalytic rates for the oxygen reduction reaction.15 Further,
nanoparticle electrodes have also demonstrated electrocatalytic sensitivity to surface
structure.2,15–17
While ensembles of nanoparticles have shown great promise in electrocatalysis,
measuring the properties of individual nanoparticle electrodes remains a challenge. A few
techniques to probe single nanoparticle electrodes include SECM15 and single particle
collisions with inert microelectrodes.18 Alternatively, optical techniques, such as surface
plasmon resonance spectroscopy, have been used to investigate the electrocatalytic
activity of single nanoparticles.19 Probing nanoparticle heterogeneity is critically
important to understanding fundamental differences in electrochemical phenomena using
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nano-, micro-, and macroelectrodes. This dissertation focuses on common nanoelectrode
materials such as silver and gold, which have the additional property of being plasmonic
at the nanoscale. With detection sensitives down to the single molecule limit, we focus on
using optical readouts of electrochemical events on individual plasmonic nanoparticle
electrodes with the aim of probing relationships between electrochemical behavior and
nanoparticle morphology.
1.2 LOCALIZED SURFACE PLASMONS
Noble metals such as silver, gold, and platinum are common electrode materials
that have been the focus of nanoscale electrochemistry, due in part to the significant
advances in synthesis, which has opened a large library of nanostructured shapes and
sizes for these materials. In addition to their robust electrode functions, noble metals have
unique interactions with light when they are shrunk to the nanoscale. These interactions
arise due to their dielectric functions which have negative real and small positive
imaginary components in the visible/near IR region of the electromagnetic spectrum.20
Simply, the free surface conduction electrons are highly polarizable with little energy loss
due to absorption in such nanoscale metals. As a result, the oscillating electric field of
light incident on a nanoscale noble metal can induce a collective oscillation of the surface
conduction electrons, known as a surface plasmon. With all dimensions of a nanoparticle
smaller than the incident radiation, the plasmon will be confined to the nanoparticle
surface and thus is termed a localized surface plasmon (Figure 1.1).
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Figure 1.1. Localized surface plasmon. The electric field causes surface conduction
electrons to oscillate at the frequency of the incident radiation. Reprinted
with permission from Willets, K.A.; Van Duyne, R.P. Localized Surface
Plasmon Resonance Spectroscopy and Sensing. Annu. Rev. Phys. Chem.
2006, 58, 267-297. Copyright 2006 Annual Reviews.
The geometry of a noble metal nanoparticle (i.e. its shape and size) will dictate
the resonant frequency of the light-induced electron oscillations.21,22 This dependence
leads to different nanoparticle shapes and sizes having a characteristic localized surface
plasmon resonance (LSPR). At the LSPR, light is efficiently scattered by the
nanoparticle, leading to distinct colors associated with unique nanoparticle geometries. A
second consequence of exciting a nanoparticle LSPR is the strong coupling of the
incident radiation and the electron cloud oscillation. This coupling leads to enhanced
electromagnetic fields at the nanoparticle surface relative to the fields in free space.23
Placing a molecule in these enhanced fields at the nanoparticle surface can increase its
spectroscopic signatures by several orders of magnitude, forming the basis for techniques
such as surface-enhanced fluorescence and surface-enhanced Raman scattering (SERS).24
Careful selection of metal nanoparticle geometry and probe molecule has enabled the
detection of Raman scattering from single molecules.25–27

3

After excitation, a plasmon may decay radiatively or non-radiatively.28 The
former involves releasing energy in the form of a photon while the latter involves energy
transfer to individual electrons. Recipient electrons have energy above the Fermi level
and thus are referred to as hot electrons. Recently it has been demonstrated that these hot
electrons can be extracted to perform chemical reactions, such as H2 and O2 dissociation,
as well as H2O splitting.29–31 If the hot electrons are not extracted, they can scatter off
other electrons and phonons, causing heat to be transferred to the nanoparticle
surroundings. This effect has been successfully exploited by using gold nanorods as
photothermal therapy agents.32 Both the presence of hot electrons and heat localized at
plasmonic nanoparticle surfaces opens the possibility of using these materials as
electrodes to deliberately alter electrochemical reactions at the nanoscale through
plasmon excitation.
1.3 OPTICAL READOUTS OF ELECTROCHEMISTRY
As electrodes are decreased in size to the nanoscale, conventional electrochemical
methods such voltammetry and coulometry lack the sensitivity to measure the small
number of electrons transferred between an analyte and a single nanoparticle electrode.
Further, in order to make electrical contact to a nanoparticle electrode a supporting
electrode is required, and discriminating the current from each becomes challenging. The
use of optical readouts of electrochemical events, on the other hand, offers sensitivity
down to the single molecule regime as well as spatial information on the origin of the
signal.33,34
Superlocalization Imaging of Surface-enhanced Raman Scattering (SERS)
As a surface-sensitive technique capable of enabling single molecule detection,
SERS is attractive to use as an optical readout of electrochemistry. As a molecular
4

vibration technique, Raman scattering is well-suited to detect changes in the oxidation
state of a molecule and/or associated structural rearrangements during electrochemical
perturbation. Salvarezza and coworkers demonstrated an example of this using Nile Blue
as an electroactive SERS reporter molecule at the single molecule level.34–36 In its
oxidized form, Nile Blue has an electronic resonance in the visible region of the
electromagnetic spectrum, whereas it has an electronic resonance with ultraviolet (UV)
light in its reduced form. Electrochemically modulating the redox state of Nile Blue
under visible light excitation will induce a change in the SERS signal from strong to
weak corresponding to the oxidized and reduced forms, respectively. Figure 1.2B shows
an example of the change in the SERS of Nile Blue adsorbed on a nanoscale roughened
silver electrode known as a silver island film, excited with a 532 nm laser, and
electrochemically cycled between its oxidized and reduced form. At negative, reducing
potentials Nile Blue SERS falls below the limit of detection as the electronic resonance
goes to the UV. A strong SERS spectrum is measured as the molecules are oxidized and
the electronic resonance shifts to the visible spectrum.
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Figure 1.2. Nile Blue SERS as an optical readout. (A) Reversible cyclic voltammogram
of Nile Blue obtained using a monolayer of silver nanoparticles supported
on ITO as an electrode. (B) SERS spectra of Nile Blue on a silver island
film electrode as the potential is scanned over several redox cycles. In the
reduced form, Nile Blue shows little to no SERS (off). In the oxidized form,
Nile Blue shows a strong SERS spectrum (on). Reprinted with permission
from Wilson, A.J.; Willets, K.A. Visualizing Site-Specific Redox Potentials
on the Surface of Plasmonic Nanoparticle Aggregates with
Superlocalization SERS Microscopy. Nano Lett. 2014, 15(2), 939-945.
Copyright 2014 American Chemical Society
Optical imaging of the modulation in SERS can allow for investigation into the
spatial origin of the signal generated at a plasmonic electrode.37 In order to efficiently
excite the LSPR of plasmonic electrodes, their size must be smaller than the excitation
wavelength. This presents a fundamental problem in that diffraction limits the optical
resolution of a microscope, approximated by Equation 1.1. In this equation, d represents
the diffraction-limited radius, λ is wavelength, n is the refractive index, and θ is the angle
at which light is collected (nsinθ defines the numerical aperature (NA)). Using visible
light (~ 400 – 700 nm) and a high NA objective (1.3), spatial resolution is on the order of
150 – 275 nm, much larger than typical plasmonic noble metal nanoparticle sizes.
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𝑑=

𝜆

(1.1)

2𝑛𝑠𝑖𝑛𝜃

One way to overcome the diffraction limit and investigate the spatial origin of
optical signals is by superlocalization imaging. In this technique a diffraction-limited spot
(Figure 1.3) is fit to a model function to extract the central point of emission. For
example, a two-dimensional Gaussian, as shown in Equation 1.2, can be used to find the
centroid position with precision <5 nm from SERS optical signals.38–41 In this equation,
the spatial intensity of the point spread function is fit to extract the centroid (xo, yo)
corresponding to the peak intensity (Io), along with the Gaussian widths (sx, sy) and
background (zo).
2

𝐼(𝑥, 𝑦) = 𝑧0 + 𝐼0 𝑒𝑥𝑝

2

[−(1⁄2)[((𝑥−𝑥0 )/𝑠𝑥 ) +((𝑦−𝑦0 )/𝑠𝑦 ) ]]

(1.2)

Figure 1.3 shows how superlocalization can be applied to SERS images that are
electrochemically modulated. In this example, Nile Blue is adsorbed to a Ag colloidal
nanoparticle aggregate, which serves a SERS substrate and plasmonic electrode. In the
reduced state, no Nile Blue SERS is detected in the image, but when a molecule is
oxidized, a diffraction-limited SERS image is obtained. The point spread function of the
emission from the molecule in the oxidized form can then be fit to Equation 1.2 and the
relative location of the emitter can be determined. The centroid will shift if multiple
molecules are sequentially oxidized or if they are oxidized at different locations on the
electrode. Therefore, by measuring changes in SERS optical images as a function of
potential and calculating the centroid of emission, molecular location can be correlated to
the potential at which a molecule is oxidized or reduced.
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Figure 1.3. (left) Optical images of SERS from Nile Blue on a Ag nanoparticle
electrode as it is reduced (red) and oxidized (blue). (right) Point spread
function of Nile Blue in its oxidized form which is fit to a two-dimensional
Gaussian to determine the centroid of emission within 5 nm.
Electrogenerated Chemiluminescence (ECL)
In addition to investigating the electrochemistry of molecules on plasmonic
nanoparticle electrodes, it is important to study the performance of the electrodes
themselves. The SERS strategy described above uses an extrinsic illumination source,
which can lead to local heating effects and hot electron production, making it difficult to
isolate contributions of laser excitation from contributions of the electrode surface when
evaluating single nanoparticle electrode performance. One strategy to avoid the need for
extrinsic illumination while maintaining the advantages of optical readouts of
electrochemistry is to use electrogenerated chemiluminescence (ECL) as an optical
readout. In this technique, electrochemical reactions generate reactive intermediates that
ultimately leave a molecule in an excited state, which can emit light as it relaxes down to
the ground state.42,43 ECL has been demonstrated for a variety of materials including
molecules,42 quantum dots,44,45 and upconversion nanoparticles.46,47 Without the need of
external illumination, ECL provides a unique opportunity to study electrochemistry on
noble metal nanoparticles without plasmon excitation. In doing so, possible contributions
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from hot electrons and local heating can be minimized and the innate performance of
nanostructured electrodes can be investigated. In particular, effects of nanoparticle
geometry, composition, and surface conditions can be studied with ECL.
ECL is an inefficient process compared to optical techniques such as fluorescence
and SERS. To increase the efficiency and quantum yield, a co-reactant is often used
alongside the emissive ECL probe.48,49 A co-reactant generally forms a strongly reactive
intermediate species after is it electrolyzed (e.g. radical ion). The co-reactant may then
react with the ECL probe molecule and help promote it to the excited state. The most
common ECL system is the tris(2,2’-bipyridyl)dichlororuthenium (II) (Ru(bpy)32+) and
tripropylamine (TPA) co-reactant pair due to the highest production of photons per
electrons transferred.42 In this system, Ru(bpy)32+ is the emissive molecule. Figure 1.4
highlights several mechanisms that have been used to describe how ECL is generated in
this system.50 In Scheme 1, oxidized TPA produces a radical which reduces Ru(bpy)32+ to
Ru(bpy)31+. Electrochemical oxidation of Ru(bpy)32+ forms Ru(bpy)33+ which is
annihilated by Ru(bpy)3+ to generate the emissive form of Ru(bpy)32+ (Ru(bpy)32+*). In
Scheme 2, electrogenerated Ru(bpy)33+ directly reacts with a TPA radical and forms
Ru(bpy)32+*. ECL can also be achieved in this system without direct oxidation of
Ru(bpy)32+ as shown in Scheme 3. Here TPA• reduces Ru(bpy)32+ to Ru(bpy)3+ which
reacts with TPA•+ to form Ru(bpy)32+*. While there are multiple complex mechanisms,
imaging ECL at a single potential step allows localization of the light generated at
individual plasmonic nanoparticle electrodes, allowing electrode performance to be
assessed.
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Figure 1.4. Mechanisms for generating ECL from the Ru(bpy)32+/TPA co-reactant pair.
Schemes 1 and 2 involve the oxidation of both co-reactants while Scheme 3
shows a path to create ECL by oxidizing TPA alone. Reprinted with
permission from Miao, W.; Choi, J.P.; Bard, A. J. Electrogenerated
Chemiluminescence 69: The Tris(2,2’-bipyridine)ruthenium(II),
(Ru(bpy)32+)/Tri-n-propylamine (TPrA) System Revisited—A New Route
Involvling TPrA•+ Cation Radicals. J. Am. Chem. Soc. 2002, 124, 14478–
14485. Copyright 2002 American Chemical Society.
1.4 SCOPE OF THIS WORK
The research presented in this dissertation has the goal of providing insight into
how electrochemistry at the nanoscale is impacted by using plasmonic nanoparticle
electrodes. To study electrochemical events on this scale, we use optical readouts which
provide greater sensitivity compared to conventional electrochemical methods with the
10

additional benefit of providing spatial information of electrochemical reactions. In
Chapter 3, the electrochemistry of Nile Blue molecules on colloidal silver nanoparticle
aggregates is studied using SERS. With this approach we are able to determine that the
potential at which Nile Blue molecules are reduced and oxidized depends on their
position on a plasmonic electrode. Chapter 4 details a block copolymer lithography
method we have developed to create tunable nanoparticle electrode arrays that are
selectively functionalized with an electroactive probe. The tunable arrays are then used in
Chapter 5 to study how incident light influences Nile Blue electrochemistry on
nanoparticle electrodes with controlled size and shape. Finally, in Chapter 6 we develop a
method to image ECL on single gold nanowires which reveals heterogeneity in the
electrochemical performance between individual nanoparticle electrodes. We also
demonstrate that the surface treatment of plasmonic nanoparticle electrodes is critical to
electrochemical activity.
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Chapter 2: Methods
2.1 ELECTRODE PREPARATION
Plasmonic Nanoparticle Electrodes for SERS (Chapter 3)1
Aggregates of colloidal Ag nanoparticles were used as SERS substrates and as
individual electrodes in Chapter 3. The Lee and Meisel method was used to prepare Ag
colloids.2 First, 45 mg of AgNO3 (Sigma-Aldrich) was dissolved in 250 mL of 18.2
MΩ∙cm water and brought to a boil. Meanwhile, a separate solution containing 100 mg of
sodium citrate (Sigma-Aldrich) in 10 mL of 18.2 MΩ∙cm water was prepared. After 15
minutes of boiling the AgNO3 solution, 5 mL of the sodium citrate solution was added
dropwise. The resultant mixture was continually boiled with stirring for an additional 30
minutes. A yellow-green Ag colloidal solution appeared after 15 minutes and remained
stable for up to two months. SERS solutions were prepared by mixing 1 mL of the Ag
colloid solution and 1 mL of 20 mM NaCl (Sigma-Aldrich) followed by adding a small
aliquot of a standardized Nile Blue (Sigma-Aldrich) solution such that the final dye
concentration was 10-9 M (single and intermediate concentration regimes) or 10-7 M (high
concentration regime). The solution was mixed by vortex for 30 seconds and allowed to
incubate overnight in the dark. Chloride ions helped to displace the citrate stabilizing
ligand, yielding Ag colloidal aggregates labeled with the physisorbed Nile Blue reporter
molecule. A representative Ag nanoparticle aggregate is shown in Figure 2.1.
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Figure 2.1. Representative scanning electron micrograph of a Ag colloidal aggregate on
an ITO substrate used as a plasmonic electrode and SERS substrate.
Reprinted with permission from Wilson, A.J.; Willets, K.A. Visualizing
Site-Specific Redox Potentials on the Surface of Plasmonic Nanoparticle
Aggregates with Superlocalization SERS Microscopy. Nano Lett. 2014,
15(2), 939-945. Copyright 2014 American Chemical Society
In order to use the labeled Ag colloidal aggregates as electrodes, tin-doped indium
oxide (ITO, SPI Supplies, 20 x 20 mm, 30-60 ohms/sq.) coated glass coverslips were
used as supporting electrodes. The ITO coverslips were cleaned by sonication in ethanol
for 20 minutes followed by rinsing with 18.2 MΩ·cm water and drying with N2. Cleaned
substrates were treated with a 0.01% (v/v) solution of (3-aminopropyl)triethoxysilane
(APTES, Sigma-Aldrich) in isopropyl alcohol for 3 minutes with stirring to provide
attachment points for the Ag aggregates. Excess APTES was removed by rinsing the
slides profusely with isopropyl alcohol and 18.2 MΩ·cm water followed by drying with
N2. Ag colloids labeled with Nile Blue were then attached to the APTES functionalized
ITO slides by drop casting 5 µL of the SERS solution and drying with N 2. 1 µL of 50x
diluted 0.5 µm fluorescent Sky Blue polystyrene beads (Spherotech) were subsequently
drop-cast onto the slide to serve as alignment markers for mechanical stage drift.3–6
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Ultramicroelectrode Fabrication (Chapter 5)
An ultramircoelectrode (UME) was fabricated using a glass capillary tube (FHC
Inc., Borosil: 50 mm length, 1.5 mm outer diameter, 0.75 mm internal diameter) and a
12.5 µm diameter gold wire (Alfa Aesar).7 First, one end of the glass capillary was
inserted into the center of a coil of nichrome wire. The nichrome wire was then
resistively heated to melt the capillary. Slowly, the capillary was lowered through the
nichrome coil allowing gravity to pull the molten glass, eventually forming a seal at the
heated end. After cooling, the gold wire was inserted into the capillary. Finally, the glass
capillary and gold wire were heated by the nichrome coil to form a tight glass sheath
around the gold.
Coarse sand paper was used to grind off the sealed end of the capillary and expose
the gold wire. This process, monitored by an AmScope stero microscope, was continued
until the capillary was terminated with a gold disc (diameter of 12.5 µm) tightly encased
with a glass sheath. The UME was then polished using a figure 8 pattern in aqueous
slurries of 1, 0.3, and 0.05 µm alumina particles. Finally, an electrode lead was prepared
by attaching a tinned-copper wire to the unpolished end of the gold wire using conductive
Ag epoxy.
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Electrodes for Single Nanoparticle ECL (Chapter 6)8
Single gold nanowires (3 µm x 75 nm, Nanopartz) were chosen to serve as
plasmonic electrodes for generating ECL in Chapter 6. To study these nanoparticles as
individual electrodes, ITO coverslips (SPI supplies, 15-30 ohms/sq.) were used as
supporting electrodes. An aliquot of the stock nanowire solution was injected into a glass
vial, sonicated for 1 minute, and then heated at ~50 °C to dissolve the
hexadecyltrimethylammonium bromide surfactant. Next, 20 µL of the nanowires was
drop-cast onto a cleaned ITO coverslip and dried by heating at ~50 °C. To remove
hexadecyltrimethylammonium ions (CTA+) from the surface of the nanowires, the ITO
substrates with gold nanowires were placed in a bath of boiling water for 1 hour.9 This
treatment allows the stabilizing ligand to be stripped providing electrochemical access to
the gold surface. In addition, stripping of the CTA+ also helped to immobilize the
nanowire on the ITO substrate. An example of gold nanowire electrodes on an ITO
substrate is shown in Figure 2.2.
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Figure 2.2. Representative scanning electron micrograph of gold nanowires on an ITO
substrate used as plasmonic electrodes for ECL. Reprinted with permission
from Wilson, A.J.; Marchuk, K.; Willets, K.A. Imaging Electrogenerated
Chemiluminescence at Single Gold Nanowire Electrodes. Nano Lett. 2015,
15(9), 6110-6115. Copyright 2015 American Chemical Society.
To protect the exposed gold surface of the nanowires, a polymer coating
composed

of

high

conductivity

(3.0-4.0%)

poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS, Sigma-Aldrich) and polyvinyl alcohol (PVA, MW:
146,000-186,000, Sigma-Aldrich) was used. To coat the nanowires, an aqueous solution
of 15% (v/v) PEDOT:PSS in 3% PVA was prepared. The polymer blend was mixed by
vortex for 1 minute. Coating was prepared by either drop casting 4 µL of the blend on the
ITO-nanowire substrate or spin coating 750 µL of the blend and allowing the films to dry
in ambient conditions. Drop casting produced polymer film thicknesses in the range of 510 µm and spin coating at 4000, 2000, and 1000 rpm produced thicknesses of 70, 120,
and 300 nm, respectively. Prior to electrochemical measurements, each film was loaded
with the electroactive dye by incubation in 1 mM tris(2,2’-bipyridyl)dichlororuthenium
(II) (Ru(bpy)32+, Sigma-Aldrich) for 1 hour.10
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2.2 ATOMIC FORCE MICROSCOPY
Atomic force microscopy (AFM, NT-MDT, Ntegra) was used to measure the
thickness of polymer films. Semi-contact mode was used for all images. To measure a
polymer film’s thickness, a scratch was made through a section of the film using sharppointed tweezers. The scratch left a step edge where the difference in height could be
calculated and used for a thickness estimate. Figure 2.3 shows an example of an AFM
image with a scratch through a polymer film and a line profile used to determine its
thickness. The tilt in the image and line profile are due to the tilt of the substrate.

Figure 2.3. PEDOT:PSS-PVA film created by spin coating at 2000 rpm. (A) AFM
image of a scratch in the polymer film. White dashed line represents the line
profile in (B). Red line and arrow in (B) show height measurement.

19

2.3 SPECTROELECTROCHEMICAL CELLS
Cell Design for Chapters 3 and 6
A 3-electrode electrochemical cell was fabricated to be compatible with inverted
microscopes

equipped

with

a

dark-field

condenser

in

order

to

perform

spectroelectrochemical experiments on plasmonic nanoparticle electrodes. First a
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) rectangular prism was cut to
the dimensions of 20 mm x 15 mm x 3.2 mm (l x w x h). From the center, a 15 mm x 7
mm x 3.2 mm PDMS section was cut out to form a well. Pilot holes were then created
through the sidewalls so that reference and auxiliary wire electrodes could be introduced
to the well. Next the PDMS well was adhered to an ITO substrate containing
immobilized nanoparticles (Ag colloids or Au nanowires) with clear epoxy (Devcon 5
Minute Epoxy). Electrical contact to the ITO-nanoparticle electrode was made by
attaching a copper or tinned-copper wire to the ITO (outside of the well) with silver
epoxy. Pt and Ag/AgCl wire electrodes were then inserted through the pilot holes in the
PDMS sidewall to serve as an auxiliary and reference electrode, respectively. Finally,
clear nail polish (Sally Hansen, quick dry) was applied to the PDMS and ITO contact
points as well as the wire electrode and PDMS contact points outside of the well for an
additional sealant. The spectroelectrochemical cell was then placed on a microscope and
filled with a buffer solution. Figure 2.4 show a schematic of the cell design.
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Figure 2.4. 3-electrode electrochemical/optical cell. An ITO-coated glass coverslip with
immobilized plasmonic electrodes serves as the working electrode. A PDMS
rectangular well was attached to the ITO by clear epoxy. Conductive Ag
epoxy and a Cu wire were used to make electrical contact with the ITO. Pt
and Ag/AgCl wires were punctured through the PDMS for counter and
reference electrodes. Reprinted with permission from Wilson, A.J.; Willets,
K.A. Visualizing Site-Specific Redox Potentials on the Surface of
Plasmonic Nanoparticle Aggregates with Superlocalization SERS
Microscopy. Nano Lett. 2014, 15(2), 939-945. Copyright 2014 American
Chemical Society.
Cell Design for Chapter 5
Figure 2.5 shows a spectroelectrochemical cell used for the experiments described
using tunable plasmonic nanoparticle arrays as the working electrodes described in
Chapter 4. First, a tinned-copper wire was attached to an ITO electrode (SPI Supplies,
15-30 Ω/sq., 22 x 22 mm) decorated with an array of Au nanoparticles via conductive
silver epoxy. The epoxy was cured by heating at ~150 °C for 15 min on a hot plate. Next,
four glass slides were cut to the dimensions on 15 x 25 mm. Using clear epoxy, the long
edges of the slides were permanently attached to each other to form a hollow rectangular
prism. The rectangular prism was then attached to the top of a Au nanoparticle/ITO
working electrode with clear epoxy to form a well. When using a UME suspended in
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solution as a working electrode, a bare glass coverslip was used for the bottom of the
well. Finally, the well was filled with phosphate buffer and Pt and Ag/AgCl (1 M KCl)
electrodes were suspended in the solution.

Figure 2.5. 3-electrode electrochemical/optical cell. Nile Blue labeled (blue stars) Au
nanoparticles patterned in an array on an ITO-coated glass coverslip forms
the working electrode at the bottom of the well. Glass slides are attached to
the ITO with clear epoxy to form a rectangular well. Electrical contact to
ITO is made by attaching a tinned-copper wire with conductive Ag epoxy.
Pt and Ag/AgCl (1 M KCl) are submerged in the solution through the top of
the well for auxiliary and reference electrodes, respectively. Adapted with
permission from Wilson, A.J.; Willets, K.A. Visualizing Site-Specific
Redox Potentials on the Surface of Plasmonic Nanoparticle Aggregates with
Superlocalization SERS Microscopy. Nano Lett. 2014, 15(2), 939-945.
Copyright 2014 American Chemical Society.
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2.4 OPTICAL MICROSCOPY
Experimental Design for SERS, Chapter 31
Optical experiments in Chapter 3 were performed on an Olympus IX71 inverted
microscope with a 1.3 numerical aperture (NA) 100x oil immersion objective. A
spectroelectrochemical cell (Figure 2.4) was placed on the microscope stage, taped down,
and focused on by bringing the objective up to the ITO-Ag nanoparticle working
electrode. An epi-illumination geometry was used to excite SERS with linearly polarized
532 nm or 643 nm radiation at 5 and 7 mW, respectively. Note that the excitation
polarization will change the SERS intensity, but not the centroid of SERS emission. Light
from individual nanoparticle electrodes was collected by the objective and passed
through a 50/50 beamsplitter in the detection path to a Princeton Instruments ACTON
SpectraPro 2500i spectrograph equipped with a liquid nitrogen CCD and a Princeton
Instruments ProEM 512 electron-multiplied CCD (EM-CCD) for simultaneous spectral
collection and imaging, respectively (Figure 2.6). Using a USAF test target, the EM-CCD
camera pixels were calibrated to 38 nm. Images were acquired with an integration of 0.2
s and spectra were acquired with a 1 s integration time. A Digi-IVY DY2023 potentiostat
was triggered by the EM-CCD at the start of each experiment for time synchronization
between optical and electrochemical measurements. 0.1 M phosphate buffer at a pH of
6.0 was pipetted into the well to serve as the electrolyte after bubbling with nitrogen for
at least 15 minutes. Aggregates that were investigated gave a strong SERS signal and
were in electrical contact with the ITO (judged by signal modulation) which are rare
events in the population of nanoparticles deposited.
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Figure 2.6. Experimental set-up. Laser excitation was focused onto a plasmonic
electrode and with a 100x objective during electrochemical perturbation.
The resultant SERS was collected with the same objective and split with a
50/50 beam splitter for simulataneous detection with an EM-CCD and
spectrometer equipped with a LN2-cooled CCD.

Experimental Design for SERS, Chapter 5
Experiments in Chapter 5 were conducted with the same experimental
configuration as in Chapter 3 (Figure 2.6). A Au nanoparticle/ITO working electrode of a
spectroelectrochemical cell (Figure 2.5) was focused on with a 100x microscope
objective. A 642 nm (84.1 µW) laser excited the SERS of Nile Blue which was detected
with a Princeton Instruments ProEM 512 EM-CCD camera (200 ms integration) and a
24

Princeton Instruments IsoPlane SCT320 spectrometer (1 s integration) equipped with a
ProEM 1600 EM-CDD simultaneously by placing a 50/50 beamsplitter in the detection
path. Spectra were used to identify Nile Blue while imaging was used for electrochemical
analysis. The ProEM EM-CCD imaging camera pixels were measured to be 47.6 nm
using a USAF test target. An electrochemical cell was filled with a 0.1 M phosphate
buffer with a pH in the range of 3-8 followed by suspending a Pt wire and Ag/AgCl (1 M
KCl) in the solution. Optical detection was synchronized with a CHI 650E potentiostat
for cyclic and differential pulse voltammetry.
Experimental design for ECL, Chapter 68
For the experiments in Chapter 6, an electrochemical cell (Figure 2.4) was
fabricated and placed atop an Olympus IX73 inverted microscope equipped with an
Olympus U-DCD dark-field condenser and a Princeton Instruments PhotonMAX EMCCD detector (Figure 2.7). A white light source was passed through the dark-field
condenser for high angle light excitation. We collected ECL and scattering from gold
nanowires with a 100x, variable NA, oil-immersion objective and focused the light onto
an EM-CCD camera for imaging. The NA was set to 0.6 for dark-field imaging and 1.33
for ECL collection. 300 ms was used as the integration time in all of the experiments. To
produce ECL the potential was held at 0 V for 5 seconds and stepped to +1.2 V for 2
seconds in a solution of 1 mM Ru(bpy)32+, 10 mM TPA, and 0.25 M phosphate buffer at
pH 7.2. A CHI 750E bipotentiostat and PhotonMAX EM-CCD camera were triggered by
a function generator.
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Figure 2.7. Experimental set-up. ECL along with dark- and bright-field scattering from
individual nanowires were collected with a 100x objective and imaged onto
an EM-CCD camera. Reprinted with permission from Wilson, A.J.;
Marchuk, K.; Willets, K.A. Imaging Electrogenerated Chemiluminescence
at Single Gold Nanowire Electrodes. Nano Lett. 2015, 15(9), 6110-6115.
Copyright 2015 American Chemical Society.

2.5 SUPERLOCALIZATION IMAGING
The diffraction-limited emission of a SERS active emitter was fit to a twodimensional Gaussian (equation 2.1) for each frame of an image stack (0.2 s acquisitions)
in Chapter 3.3-6 From this equation, the spatial intensity is fit to extract the background
(z0), peak intensity (I0), Gaussian widths (sx,sy), and centroid position (x0,y0). In the case
of excitation with 643 nm, Nile Blue SERS is the only source of emission and the
centroid reports on the position of a single molecule or the intensity-weighted
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superposition of multiple emitters. Individual SERS centroid locations are referenced to
the average position of all emission events arbitrarily set to (0,0).
2

𝐼(𝑥, 𝑦) = 𝑧0 + 𝐼0 𝑒𝑥𝑝

2

[−(1⁄2)[((𝑥−𝑥0 )/𝑠𝑥 ) +((𝑦−𝑦0 )/𝑠𝑦 ) ]]

(2.1)

With 532 nm excitation, the diffraction-limited spot contains emission from Nile
Blue SERS and Ag nanoparticle luminescence.3 An intensity threshold (red line, Figure
2.8) to separate the two emission sources was determined by identifying frames without
SERS emission (a result of Nile Blue reduction). Frames below the threshold were
assigned to Ag nanoparticle luminescence and frames above the threshold were assigned
to Nile Blue SERS. The average intensity from frames with only Ag luminescence was
subtracted from each frame where Nile Blue was in its oxidized state, leaving Nile Blue
SERS as the only remaining contributor to the point spread function. Assuming the Ag
nanoparticle aggregate’s position and emission is stable we assign the centroid location of
Ag luminescence as (0,0) and reference Nile Blue SERS events relative to this location.
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Figure 2.8. SERS intensity trace of Nile Blue on a plasmonic electrode. The red line
indicates an intensity threshold used to separate Nile Blue SERS and Ag
luminescence that was collected with 532 nm excitation. Intensity below the
red line is fit for the nanoparticle aggregate and above the line is fit for
tracking Nile Blue SERS during electrochemical cycling. Reprinted with
permission from Wilson, A.J.; Willets, K.A. Visualizing Site-Specific
Redox Potentials on the Surface of Plasmonic Nanoparticle Aggregates with
Superlocalization SERS Microscopy. Nano Lett. 2014, 15(2), 939-945.
Copyright 2014 American Chemical Society
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Chapter 3: Visualizing Site-Specific Redox Potentials on the Surface of
Plasmonic Nanoparticle Aggregates with Superlocalization SERS
Microscopy1
3.1 INTRODUCTION
Plasmonic nanoparticles have been incorporated into a variety of systems for
chemical and electrochemical reactions due to their ability to harvest light and convert it
into chemical energy.1-11 To better understand the driving forces behind reactions on the
surface of plasmonic nanostructures, single nanoparticle studies are particularly important
because they highlight the role that nanoparticle structure and local defect sites play on
reactivity.

However, most of the characterization techniques used to study single

nanoparticles (localized surface plasmon resonance spectroscopy, electron microscopy)
are only sensitive to signal responses from the nanoparticles and cannot directly visualize
the reactants interacting with the nanoparticle surface.1, 11-13 Chen and coworkers have
demonstrated an elegant solution to this problem by using molecular probes that are
catalytically converted from a non-fluorescent to a fluorescent form on the surface of
metal nanoparticles, allowing them to optically monitor reactivity at the single
nanoparticle level by tracking individual fluorescent turnover events.14-16 In their work,
enhanced kinetic turnover events are observed at specific sites on the nanoparticle
surface, indicating higher local reactivity as a function of nanoparticle structure and
highlighting the power of using optical signals to study reactions on nanoparticle
surfaces. In this Chapter, we demonstrate local electrochemical potential differences on
1

Reprinted with permission from Wilson, A.J.; Willets, K.A. Visualizing Site-Specific Redox Potentials on
the Surface of Plasmonic Nanoparticle Aggregates with Superlocalization SERS Microscopy. Nano Lett.
2014, 15(2), 939-945. Copyright 2014 American Chemical Society
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Ag nanoparticle electrodes by using Nile Blue as an optical probe of local redox
chemistry.
3.2 SERS AS AN OPTICAL READOUT OF LOCAL ELECTROCHEMISTRY
Nile Blue undergoes a two proton, two electron transfer reaction under
potentiometric control as shown in Figure 3.1.17

When adsorbed to plasmonic

nanoparticles in contact with an external electrode, Nile Blue also shows modulation in
its surface-enhanced Raman scattering (SERS) signal, with the oxidized form yielding
strong SERS signals and the reduced form producing little to no SERS due to a change in
the molecular absorbance.18-20 Thus, by electrochemically changing the redox state of the
molecule, Nile Blue SERS can be turned on/off depending on whether it is in its
oxidized/reduced form. We can take advantage of these two states to serve as an optical
readout of electrochemical events, thus allowing us to monitor local electrochemical
potential differences on the Ag nanoparticle electrode surface.

Figure 3.1. Schematic of Nile Blue reduction/oxidation mechanism at pH 6.
In order to image local redox potentials with sub-diffraction-limited resolution,
we use an optical microscopy technique known as superlocalization microscopy.21-23 In
superlocalization microscopy, the diffraction-limited emission of a sub-wavelength
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emitter is fit to a model function, such as the two-dimensional Gaussian in equation 3.1,
in order to localize the site of the emission with precision better than 5-10 nm.24, 25

2

𝐼(𝑥, 𝑦) = 𝑧0 + 𝐼0 𝑒𝑥𝑝

2

[−(1⁄2)[((𝑥−𝑥0 )/𝑠𝑥 ) +((𝑦−𝑦0 )/𝑠𝑦 ) ]]

(3.1)

In this expression, the measured intensity, I(x,y), is fit to extract the background, z0; the
peak intensity, I0; the width of the Gaussian, sy and sx and the centroid position x0, y0. The
centroid of emission from the fit is used to approximate the location of the emitter. In
SERS, the centroid does not represent the absolute position of the molecule on the
surface, but is instead the coupling between the molecular emitter and the radiating
plasmon modes of the underlying nanoparticle substrate.26-28

However, we have

previously shown that the position of the molecule will influence the SERS centroid,
demonstrating that the centroid provides excellent insight into the relative location of the
molecule on the nanoparticle surface.29 In the case when only a single emitter is active
(e.g. SERS from a single Nile Blue molecule), the centroid will represent the position of
that lone coupled molecule-nanoparticle emitter. In the case when multiple molecules are
emitting simultaneously within a single diffraction-limited spot, the centroid represents
an intensity-weighted superposition of all coupled emitters.29, 30
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Figure 3.2. Cyclic voltammogram of 1 mM Nile Blue in 0.1 M phosphate buffer pH 6 at
50 mV/s. The working electrode is a monolayer of Ag colloids on an ITO
coated coverslip. Counter and reference electrodes are a Pt wire and a
Ag/AgCl wire, respectively. E1/2 of Nile Blue vs Ag/AgCl is -0.546 V.
For the experiments described here, a three-electrode cell configuration with Nile
Blue-labeled Ag colloidal aggregates immobilized on a (3-aminopropyl)triethoxysilane
functionalized indium tin oxide (ITO) coverslip serve as a working electrode, while a Pt
wire serves as an auxiliary electrode and a Ag/AgCl wire serves as a reference electrode
(Figure 2.10). Figure 3.2 shows the bulk cyclic voltammetry behavior of Nile Blue in our
system, acquired using a monolayer of Ag colloids attached to ITO as the working
electrode with Nile Blue free in solution. To isolate single plasmonic nanoparticle
electrodes, Nile Blue is pre-adsorbed to the Ag colloidal aggregates in solution before
deposition onto the ITO, ensuring that the redox probe is reporting on the plasmonic
electrode. All potentials are reported relative to the Ag/AgCl electrode of our system. The
Ag/AgCl wire was found to be stable over many potential cycles with a potential 15 mV
positive of a KCl saturated Ag/AgCl electrode (Figure 3.3). The potential is controlled by
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a Digi-IVY DY2023 potentiostat and is swept in the Nile Blue redox window, negative of
Ag nanoparticle oxidation.31

Figure 3.3. Cyclic voltammogram of 1 mM Nile Blue in 0.1 M phosphate buffer pH 6 at
50 mV/s with an ITO working electrode, Pt wire counter electrode and (A) a
Ag/AgCl wire reference electrode over 5 cycles (B) a Ag/AgCl (sat’d KCl)
reference electrode. The Ag/AgCl wire shows good potential stability. E1/2
of Nile Blue against the Ag/AgCl wire is -0.271 V and -0.286 V against
Ag/AgCl (sat’d KCl).
Localized surface plasmon and superlocalization measurements were performed
to ensure that nanoparticles were stable in this potential window (Figure 3.4 and related
discussion). Optical measurements are made by exciting SERS emission from the Nile
Blue-labeled Ag colloidal aggregates with either 532 or 643 nm excitation and collecting
the emission with a 100x 1.3 variable N.A. objective (Figure 2.11). Signal is passed to
both a ProEM 512 electron multiplied charge-coupled device for imaging and a Princeton
Instruments ACTON SpectraPro 2500i/Spec-10 for spectroscopy.26 Optical collection is
synchronized with the potentiostat, limiting the potential resolution to 4-10 mV
depending on the integration time of the camera and the potential scan rate. The potential
scan rate varied between 20-50 mV/s depending on the concentration regime
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investigated. A 0.1 M phosphate buffer at a pH of 6.0 was purged with N2 for 15 minutes
and used as the electrolyte.
Dark-field scattering was used as an optical readout to determine the positional
stability of nanoparticle aggregates attached to ITO during electrochemically cycling. An
image stack (0.2 s acquisition) of a diffraction-limited spot resulting from dark-field
illumination is fit to a two-dimensional Gaussian during electrochemical cycling. The
potential was swept between +0.1 and -0.7 V (Ag/AgCl) over 5 cycles at a scan rate of 50
mV/s using a 0.1 M phosphate buffer at pH 6. Next, a histogram of the x- and y-centroid
fits is constructed and binned to show the aggregate’s position during electrochemical
cycling (Figure 3.4). In all cases investigated, the nanoparticle aggregate’s position was
stable over the course of the experiment with an approximate average standard deviation
of 2 nm in x and y.

Figure 3.4. Representative two-dimensional spatial histogram representing the darkfield scattering centroid fits of an unlabeled Ag nanoparticle aggregate
during electrochemical cycling in the Nile Bue redox window. Nanoparticle
aggregates show a stable centroid position during electrochemical cycling
with a standard deviation of approximately 2 nm.
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3.3 SINGLE MOLECULE REGIME

Figure 3.5. (A, C) Single molecule intensity in response to an applied potential scanned
at 20 mV/s. R and O are reduction and oxidation potentials corresponding to
single molecule intensity changes. (B, D) Two-dimensional centroid fits
corresponding to the intensity events in A and C, respectively. Each redox
cycle is color coded and labeled (i-iii) to correlate electrochemical activity
and molecular position. R1 (-0.567 V) and R2 (-0.455 V) in (A) correspond
to reduction events at spatially distinct centroid locations in (B) at positions
i and ii, respectively. (C) and (D) show a tight cluster of centroid locations
for a series of unique reduction and oxidation potentials at R1 (-0.595 V), O1
(-0.445 V), R2 (-0.447 V), and O2 (-0.535 V).
We begin investigating redox events on single plasmonic nanoparticle electrodes
by working in the single molecule SERS (SM-SERS) regime where single step changes
in intensity allow straightforward assignment of the oxidation/reduction potentials of the
molecule.19 Figure 3.5A shows an example of a SM-SERS integrated image intensity
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trace as a function of applied potential. Initially the molecule begins in the oxidized form,
as evidenced by the strong SERS intensity. As the potential is scanned towards more
negative values, the SERS intensity falls to background in a single digital step at potential
R1 (-0.567 V), indicative of Nile Blue reduction and single molecule behavior.19 When
the potential is swept more positive to oxidizing values, the SERS intensity is restored in
a single, digital step (Nile Blue oxidation, -0.503 V). Next, we sweep back towards
negative potentials and observe a loss of SERS intensity at R2 (-0.455 V). A second
sweep towards oxidizing values shows no restoration of SERS intensity, indicating the
molecule has either photobleached or diffused out of the hot spot. It is noteworthy that
the redox potentials are not equivalent as expected for molecules adsorbed to electrode
surfaces.32 Next, we calculate the SERS centroid for each of the two emission events, as
shown in Figure 3.5B.

The two SERS intensity events in Figure 3.5A (i and ii)

correspond to two spatially unique centroid locations, separated by approximately 35 nm
in Figure 3.5B. This observation suggests that the potential differences between the redox
events could be the result of the Nile Blue diffusing to a new location on the Ag
nanoparticle electrode, as observed in our previous work in which a diffusing molecule
can map out large regions of an aggregate surface (including multiple hot spots).29, 33 We
also note that the two centroid positions have dramatically different intensities, with the
second event showing a four-fold increase in SERS, suggesting that the molecule has
moved closer to a “hotter” region of the nanoparticle aggregate surface. Figure 3.5C and
3.5D provide a second example of SM-SERS superlocalization electrochemical imaging.
Stepwise increases and decreases of SERS intensity with applied potential indicate SM
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behavior, although we observe significant intensity fluctuations with Nile Blue in the
oxidized (“on”) state. Unlike the previous example, the SERS intensity was recovered
after both the first and second redox cycles allowing a comparison of both the reduction
and oxidation potentials. The reduction potential shifted 148 mV positive from -0.595 V
(R1) to -0.447 V (R2) and the oxidation potential shifted negative 90 mV from -0.445 V
(O1) to -0.535 V (O2) over the two potential cycles. We note that in a given redox cycle
corresponding to a single emission period, the oxidation and reduction potentials (O1, R2)
are equivalent within the experimental error of our measurement, demonstrating
reversible electrochemical behavior of an adsorbed species.32 Looking at the associated
SERS centroids (Figure 3.5D), we find that the spatial positions of the SERS centroid for
each of the three emission periods in Figure 3.5C show less spatial variance than Figure
3.5B, although large potential differences were measured for each redox cycle. Moreover,
the large intensity fluctuations at 10 s and 45 s without an accompanying change in the
SERS centroid indicate molecular reorientation, based on our previous work.29
Molecular reorientation will change the redox potential of the Nile Blue, as recently
reported by Salvarezza and coworkers, indicating that the observed potential differences
between the different redox cycles is most likely dominated by molecular orientation in
this example.20
While SM-SERS is powerful for demonstrating a possible relationship between
the location of a SERS emitter and unique redox potentials on a nanoparticle surface,
Figure 3.5 illustrates its limitations. Photobleaching or diffusion of a single molecule out
of a hot spot can limit the number of oxidation/reduction cycles that can be observed, and
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it is not always obvious whether loss of intensity is due to reduction or another
mechanism. For example, within a single redox cycle in Figure 3.5A, the Nile Blue is
oxidized at -0.503 V but reduced at -0.455 V (R2) in contrast to the data from Figure 3.5C
where the Nile Blue is oxidized and reduced at the same potentials (O1, R2) as expected
for a surface-adsorbed species.32 This result suggests that photobleaching of the Nile
Blue, rather than reduction, is the mechanism responsible for the intensity loss in Figure
3.5A. Further, a single molecule can only report on a single location at a time, which
does not allow for mapping local electrochemical potential differences over a larger
region of the nanoparticle aggregate surface.

The measurement is also extremely

sensitive to reorientation effects, although our ability to calculate the centroid in addition
to monitoring the SERS intensity gives us a significant advantage in discriminating the
two mechanisms. Ideally, we would like to be able to verify spatially-dependent redox
potentials on the Ag nanoparticle electrode surface, and while the SM-SERS data
certainly suggests the possibility, the measurement does not provide absolute proof.
3.4 HIGH CONCENTRATION REGIME
To overcome these limitations, we performed the experiment in a concentration
regime such that >100 Nile Blue molecules label each nanoparticle aggregate. With high
molecular coverage on a nanoparticle electrode, the SERS centroid represents an
intensity-weighted superposition of all the emitters. However, if site-specific redox
potentials exist on the nanoparticle surface, then the SERS centroid should gradually shift
as certain molecules on the surface turn on/off based on their oxidation/reduction at
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unique potentials across the surface.

Figure 3.6A shows an example of the SERS

intensity and time-dependent SERS centroid positions as the potential is swept over two
Nile Blue redox cycles in this high concentration regime. In contrast to the SM-SERS
data where stepwise changes in SERS intensity were observed, in this case the intensity
rises and falls gradually as the molecules are oxidized and reduced, consistent with high
Nile Blue coverage on the surface.19 With each successive redox cycle, we observe that
the overall SERS intensity decreases. All intensity trajectories of molecules at high
concentrations on plasmonic electrodes showed this trend in the SERS intensity over
time. One possible explanation for this intensity loss is photobleaching; however, the
centroid reversibility over a given redox cycle (discussed below) is inconsistent with this
hypothesis. Another possibility is desorption of the Nile Blue molecules while in the
reduced (off) form due to structural rearrangement (Figure 3.1). Whatever the mechanism
for this intensity loss, it prevents us from following the SERS centroid over multiple
oxidation cycles.
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Figure 3.6. (A) From left to right: Integrated SERS intensity of a Ag nanoparticle
electrode with high Nile Blue coverage, applied potential waveform (20
mV/s), and centroid trajectory in x and y as a function of time. Each redox
cycle is uniquely color coded. (B) x- and y-centroid positions as a function
of applied potential. The color coding corresponds to the redox cycle in (A).
An important trend emerges from the high concentration regime data despite the
intensity loss, as shown in the SERS centroid voltammograms in Figure 3.6B. Here we
plot the x- and y- centroid positions as a function of applied potential, analogous to a
current-potential cyclic voltammogram. Within a given redox cycle, the SERS centroid
shows a reversible trajectory with no hysteresis in the centroid position. For example, the
green centroid data in Figure 3.6B represents a full redox cycle, starting with the xcentroid approximately +20 nm away from the origin at the most negative potentials. As
the potential is swept towards more positive values, the x-centroid smoothly shifts
towards the origin where it remains stable. Upon reversing the potential sweep and
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returning to more negative values, the x-centroid returns to +20 nm, following the same
positional pathway as the centroid during the oxidation wave. Centroid shifts in the y
direction show the same trend, although the magnitude of the change is less dramatic.
Based on the reversibility of the centroid across the full redox cycle, we conclude that the
molecules that are oxidized first must be reduced last. The lack of hysteresis also
indicates that the Nile Blue molecules are adsorbed to the surface. Although not complete
redox cycles, the first reduction wave (blue) and last oxidation wave (red) show similar
trends in how the centroid shifts as a function of applied potential. However, we also
note that the centroid is offset between the three oxidation periods and tracks with the
loss of SERS intensity, with both the x- and y-centroid values growing more positive as
the SERS intensity decreases with time. Given that the loss of SERS intensity is expected
to be due to loss of active reporter molecules on the surface (whether through
photobleaching or desorption), the offset in the SERS centroid over the various redox
cycles is most likely also due to the loss of Nile Blue. Unfortunately, this loss in
intensity—and corresponding shift in the centroids between potential scans—yields
limited information about the site-specific local redox potentials due to the more
complicated interpretation of the data based on the changing Nile Blue coverage.
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3.5 INTERMEDIATE CONCENTRATION REGIME

Figure 3.7. (A) From left to right: Integrated SERS intensity time trace, applied
potential waveform (50 mV/s), calculated x- and y-centroid trajectories, and
corresponding SERS waterfall spectra. Each individual redox cycle is color
coded for clarity. (B) x- and y-centroid positions as a function of applied
potential. The color code of each redox cycle is the same as in (A). Outlier
centroid data points are cropped to highlight the reversible centroid
trajectory attributed to location dependent redox potentials of individual
molecules.
Having shown that both the SM-SERS and high concentration regimes suffer
from problems demonstrating site-specific redox potentials, we next turn to an
intermediate regime where roughly 5-10 molecules are adsorbed on a single nanoparticle
aggregate. For these studies we use the same sample preparation as with the SM
concentration regime, but only investigate cases where multiple molecules are apparent.
The SERS intensity time trace shown in Figure 3.7A (left panel) verifies that we are in
this intermediate concentration regime; we do not observe the stepwise changes in
intensity as expected from SM-SERS (Figure 3.5) but we also do not see the gradual
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rise/fall in intensity as expected for the ensemble regime (Figure 3.6).19 Additionally, we
switched excitation to 532 nm for these studies, as this wavelength overlaps with Nile
Blue electronic resonances that generate more spectral features than 643 nm excitation,
providing more information about dynamic changes in the SERS spectra as the potential
is changed (Figure 3.8).34 Unlike the high concentration data in Figure 3.6, the intensity
trace in Figure 3.7A shows that SERS from aggregates in the intermediate concentration
regime recover their intensity over multiple redox cycles, allowing us to follow Nile Blue
redox chemistry over many more oxidation/reduction events. In order to observe more
redox events in this optimized concentration regime, the scan rate was increased to 50
mV/s from 20 mV/s and run over 5 cycles. This change in scan rate does not change the
electrochemical behavior of the Nile Blue in bulk adsorption cyclic voltammograms
(Figure 3.9).

Figure 3.8. (A) Normalized Nile Blue absorption in water. (B) Bulk SERS spectra of
Nile Blue adsorbed to Ag island films show more spectral lines with 532 nm
(bottom, green) excitation in comparison with 643 nm excitation (top, red).
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Figure 3.9. Cyclic voltammograms Nile Blue adsorbed to a glassy carbon electrode in a
0.1 M phosphate buffer at pH 6. Pt and Ag/AgCl (sat’d KCl) were used for
counter and reference electrodes, respectively. The voltammograms show
the same lineshape scan rates of 20 mV/s and 50 mV/s.
The time-dependent centroid positions in Figure 3.7A show a distinct oscillation
that tracks with the variation in the SERS intensity, the applied potential, and the SERS
spectra. As before, we plot centroid cyclic voltammograms in Figure 3.7B and observe a
reversible change in the SERS centroid that follows the same positional pathway as the
molecules are both oxidized and reduced. Unlike the high concentration regime, the
centroid values overlap over multiple redox cycles, indicating that we are sampling the
same population of molecules over the course of the experiment; this conclusion is
further supported by the consistent SERS intensity when the molecules are in the
oxidized form. We observe no hysteresis in the centroid voltammograms, indicative of
surface-adsorbed species. Importantly, we see that the centroid associated with molecules
that are oxidized first is the same as the centroid associated with the molecules that are
reduced last, similar to the behavior in the high concentration regime.
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Figure 3.10. Proposed mechanism for interpreting reversible centroid trajectories as a
function of applied potential. Unfilled stars represent the reduced, nonemissive form of Nile Blue (black skeletal structure) while filled orange
stars represent the oxidized, emissive form of Nile Blue (orange highlighted
structure). As the potential is scanned positive (negative), individual
molecules are oxidized (reduced), shifting the resulting centroid, as shown
by the Gaussian curves and the calculated SERS centroid trajectory in the
inset.
To understand the reversible centroid trajectory in a given redox cycle we propose
the mechanism in Figure 3.10. Consider all of the molecules on a nanoparticle aggregate
starting in the reduced state where no SERS is detected (E1, empty stars). As the potential
is swept positive, a molecule is oxidized at E2, producing detectable SERS which can be
fit to extract its emission centroid. The emission centroid will be biased towards the
position of the emitter, as shown qualitatively by the red Gaussian curve at E2 and
associated red centroid point in the inset of the figure. As we sweep towards slightly
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more positive potentials, another molecule in a different location becomes oxidized and
contributes to the overall emission, resulting in a shift in the centroid location due to the
superposition effect (green Gaussian curve at E3 and associated green centroid point). As
the potential is swept even more positive, additional molecules will oxidize and the
centroid will further shift until all available molecules are oxidized and emitting, as
shown by the blue Gaussian curve at E4 and associated centroid point. Once all of the
molecules are oxidized, the SERS intensity stabilizes along with the centroid position
(blue data points in figure inset). Next, the potential is reversed and swept negative until
it reaches the reducing potentials of Nile Blue. During this reduction wave, the last
molecule to be oxidized is reduced first (both occurring at E4), shifting the emission from
the blue Gaussian curve back to the green curve and reversing the centroid trajectory.
This trend continues until the first molecule to be oxidized is the last to be reduced (E2)
and the emission goes to background. Following this logic, the reduction and oxidation
potential of an individual molecule would be equivalent, consistent with electrochemical
behavior of adsorbed analytes and the observation in the SM-SERS case (Figure 3.5C).
Shifts in the centroid location as a function of potential indicate that spatially distinct
molecules are oxidized and reduced at different potentials on a Ag nanoparticle electrode,
verifying the existence of site-specific redox potentials on the nanoparticle aggregate
surface. Moreover, although we are only sensitive to the molecules that are in regions of
sufficiently large electromagnetic fields to generate measurable SERS signals, we note
that our previous work has demonstrated our ability to measure centroid positions over
regions greater than tens of nanometers in size, allowing us to map out these site-specific
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redox potentials over meaningful dimensions relative to the size of typical nanoparticle
aggregates (Figure 2.1).26, 33

Figure 3.11. (A) Left to right: Integrated SERS intensity trace of a Ag nanoparticle
electrode in the intermediate concentration regime, applied potential
waveform (50 mV/s), x- and y-centroid trajectories, and corresponding
SERS waterfall spectra excited with a 532 nm laser. Each redox cycle is
uniquely color coded for clarity. (B) Spectral series associated with the cyan
and green redox cycles from (A) show an appearance of a strong mode at
1489 cm-1. (C, D) x- and y-centroid positions as a function of applied
potential. Color coding is preserved from (A). The centroids show reversible
trajectories within each redox cycle, but differences in direction between
cycles.
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Figure 3.11 provides another example in the intermediate concentration regime,
which shows similar behavior to the mechanism proposed in Figure 3.10. Figure 3.11A
shows a SERS intensity trace characteristic of the intermediate concentration regime
based on the rise/fall properties of the intensity. The intensity is fairly stable over five
redox cycles, indicating no loss of molecules due to photobleaching/desorption. From the
centroid trajectories, we see that within a given redox cycle the centroid trajectory is
reversible (single color data). In this example, however, there are differences in the
direction of the centroid trajectory between individual redox cycles. For example, at 60 s
the y-centroid moves nearly 200 nm in the negative direction (as shown in the transition
from cyan to green data). The correlated spectra associated with this transition are shown
in Figure 3.11B. During this time, a new spectral feature emerges around 1489 cm-1 that
coincides with the large change in centroid position. While new spectral features can be
associated with reorientation events, our previous work has shown that reorientation does
not lead to a change in the SERS centroid.29 Molecular diffusion, on the other hand, has
been implicated in changes in the centroid position; however, the magnitude of the
centroid shift is quite dramatic and suggests more than just a simple shift in the relative
position of a single molecule on a dimer surface.33 We hypothesize that the aggregate in
this example is larger than a dimer and is more likely a trimer or higher order aggregate.
In this case, we would expect to have multiple junctions, or hot spots, which can generate
changes in SERS centroids of >50 nm based on which junction is being sampled.33
Because we are working just above the SM-SERS regime, we most likely have
competition between different molecules in different hot spots on the nanoparticle
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aggregate surface. When the intensity of the molecule(s) associated with one hot spot is
large, it dominates the centroid calculation and shifts the centroid towards that junction.29
This mechanism is consistent with molecular mobility on the nanoparticle surface, which
we also observed in the SM-SERS data of Figure 3.5B. Interestingly, the large changes in
the SERS centroid seem to primarily occur when the molecules are in the non-emissive
reduced state; this is reflected in the reversibility of the centroid within a given redox
cycle and is consistent with previous reports.20 The centroid voltammograms in Figure
3.11, C-D, further support this hypothesis, although the cyan data does show some
dynamics in the centroid position, particularly in the y-centroid position (Figure 3.11D)
during the single redox cycle, suggesting some translational dynamics associated with the
Nile Blue molecules in the oxidized form.
Previously, we stated that molecular orientation can also affect the
oxidation/reduction potentials, as observed in the SM-SERS data in Figure 3.5C. We also
believe that the molecules are undergoing reorientation on the nanoparticle surface in the
intermediate concentration regime, as evidenced by the intensity fluctuations (yet stable
centroids) observed during times when all of the molecules are oxidized (Figure 3.7A and
3.11A).29 However, reorientation cannot explain the reversible changes in the centroid
voltammograms, especially with a smooth transition in centroid values. We must also
consider the possibility that the positions of the nanoparticles themselves are changing as
we sweep the applied potential. To prevent this, we chemically attach the nanoparticles to
the ITO surface. Moreover, we have monitored the centroid of nanoparticle aggregate
scattering as we scan the applied potential and found that the centroid position only
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deviates by ~2 nm (Figure 3.4). If the position of the nanoparticles were changing as a
function of potential, we would not expect to see changes in the oscillatory behavior
between different potential cycles, as observed in Figure 3.11. Thus, we feel confident
that nanoparticle motion is not the mechanism responsible for the changing centroid
positions. Finally, we must consider the possibility that Nile Blue aggregates could form
on the surface which have redox potentials different than the monomeric species.35
However, we see no changes in the SERS spectra over the various concentration regimes
explored which would indicate the formation of J-aggregates.36 Thus, we conclude that
only site-specific redox potentials on the nanoparticle electrode surface can explain our
results. Within a given redox cycle, no matter the trajectory direction, the first molecule
oxidized is the last to be reduced. This is consistent with the picture of adsorbed
molecules sampling surface sites that have discrete electrochemical potentials and has
been observed over multiple other experiments. In our future work, we plan to do
correlated optical and structural studies in order to probe what structural features are
associated with the potential-dependent SERS centroids. In particular, we are interested
in discovering whether there is a spatial relationship between local electrochemical
potential differences and locally enhanced electromagnetic fields, which would suggest
that plasmon excitation may play a role in catalyzing local electrochemical reactions.
This idea is inspired by the gradient-like shifts in the centroid positions with applied
potential shown here, which have also been observed in our previous single molecule
SERS work in which gradient shifts in the centroid position tracked with SERS
intensity.26-27, 33 We are also interested in varying the potential scan rate to probe how the
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redox kinetics change the results and using tethered molecular reporters to remove the
contribution of molecular diffusion.
3.6 CONCLUSIONS
To conclude, we have demonstrated that superlocalization SERS imaging reveals
that Nile Blue molecules have electrochemical reduction and oxidation potentials that
depend on their location on a Ag nanoparticle plasmonic electrode. When we work in a
concentration regime above the single molecule level, we observe reversible centroid
trajectories within a given redox cycle that verify site-specific redox potentials on the
nanoparticle surface. We propose a mechanism that suggests surface molecules reduce
and oxidize in reverse order which yields a symmetric centroid trajectory and location
dependent potentials. Future studies will correlate these observations with nanoparticle
structure to gain insight into the role hot spots and local nanoparticle features play in
determining electrochemical potentials, while also using tethered molecules to constrain
molecular motion on the surface.
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Chapter 4: Tunable Nanoparticle Electrode Arrays
4.1 INTRODUCTION
As shown in the previous chapter, the electrochemical redox properties of a
molecule depend, in part, on its location on a plasmonic nanoparticle electrode. The
electrodes used in Chapter 3 were nanoparticle aggregates with geometries that are not
well defined and difficult to reproduce. To gain further fundamental insight on how redox
reactions are influenced by plasmonic electrode shape and size, it is necessary to create
monodisperse nanoparticles with pristine surfaces. One strategy is to take advantage of
synthetic advances that produce narrow nanoparticle size distributions and subsequently
remove the ligands. Challenges with this approach are that physical (e.g. boiling,1 plasma
etching2) and chemical (e.g. ligand exchange,3 reaction with sodium borohydride4)
removal methods often do not completely remove ligands and may damage or change the
nanoparticle morphology and surface structure. Another option is to lithographically
prepare plasmonic nanoparticle electrodes. Although there are many lithography
techniques (e.g. electron beam lithography, nanoimprint lithography), nanosphere
lithography5 (NSL) and block copolymer lithography6 (BCPL) are particularly attractive
because they do not require specialized equipment, use relatively low-cost materials, and
can template large areas. This latter point is important in order to fabricate enough
monodisperse nanoparticle electrodes to generate measurable electrochemical responses.
In this Chapter, we explore NSL and develop a BCPL method to create tunable
nanoparticle electrode arrays, which are without surface ligands and pristine for
electrochemical analysis.
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4.2 NANOSPHERE LITHOGRAPHY
NSL is based on the self-assembly of colloidal nanospheres (typically
polystyrene) into a hexagonal close packed array (Figure 4.1A) via capillary forces.7–9
After assembly, metal is deposited through the colloid mask, reaching the substrate at the
interstitial spaces. Next, the mask is removed by sonication leaving behind triangular
prism nanoparticles (Figures 4.1B-C). Changing the colloid sphere size; the height, angle,
and identity of the metal deposited; and the number of colloid layers is a straightforward
way to tune the nanoparticle size, shape, and thus optical properties.5,10 NSL has been
successfully used to tune the LSPR of nanoparticle arrays over a wide spectral range
which been instrumental in the study of SERS11,12 and has evolved into a powerful
platform for sensing applications.13

Figure 4.1. Atomic force microscopy images of NSL. (A) Colloidal nanospheres
assembled into a hexagonal close packed array on an ITO substrate. Arrows
highlight examples of packing defects. Silver nanoparticles on ITO created
from NSL with a nominal height of 45 nm over a relatively (B) large and
(C) small scale.
For the NSL experiments described in this Chapter, we assembled carboxyl
terminated polystyrene spheres (4 % solids, Duke Scientific) with diameters of 0.39 µm
or 0.29 µm onto a tin-doped indium oxide (ITO)-coated glass substrate. The ITO surface
was rendered hydrophilic by sonication in a solution of H2O:H2O2:NH4OH (5:1:1, v/v)
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for 30 min followed by rinsing with water. This treatment was necessary to allow the
sphere solution to spread out across the substrate and form a hexagonally close packed
array after solvent evaporation. Next, 30 µL of the sphere solution was drop cast onto the
wet ITO surface, swirled around to dilute and spread the spheres evenly across the
surface, and allowed to dry in ambient air. Silver was then thermally deposited at a rate of
1 Å/s over masks with successfully packed spheres (identified by white light diffraction)
using a Denton thermal evaporation system. Finally the spheres were removed by
sonicating the samples in ethanol for 2 min leaving triangular nanoprisms as shown in
Figures 4.1B and 4.1C.
Examining the nanoparticle arrays by atomic force microscopy (AFM) reveals
important problems. First, there are several areas where the spheres packed tightly, but
there are also many areas where they did not (black arrows, Figure 4.1A). These areas, in
addition to slip defects, create metal islands that greatly deviate from the desired
triangular nanoprism morphology as evidenced in Figure 4.1B. Monodisperse
nanoparticles created by NSL typically use glass substrates. Due to the surface roughness
of ITO being greater than that of glass, the packing defects are amplified on ITO which
results in a large heterogeneity in the nanostructures. It should be noted that results like
those in Figure 4.1 are not representative of the typical results, but are among the best
obtained for hundreds of samples. Secondly, a monolayer of tightly packed spheres only
forms on a small area of the substrate. Multiple layers and incomplete monolayers of
colloids contribute to the formation of alternate nanoparticle morphologies. Although
small areas of monodisperse nanoparticles can be isolated (Figure 4.1C) it is essential to
create uniform nanoparticles over the entire supporting electrode (ITO) to properly
investigate how electrochemical properties are influenced by plasmonic nanoparticle size
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and shape. Although progress has been made to improve the robustness of NSL,14,15 our
efforts were insufficient for the application of nanoparticle electrodes.
4.3 BLOCK COPOLMYER LITHOGRAPHY
To create nanoparticle electrode arrays that are tunable, monodisperse, and cover
a large area, we turned to BCPL. This strategy utilizes two or more polymer materials
that are covalently linked and self-assemble into ordered nanoscale features. The
assembly occurs following an annealing process which allows the polymers to minimize
their free energy and segregate.16 After assembly, the polymer blocks can be selectively
manipulated by chemical means to form a lithography mask. Due to its ability to create
features smaller than with photolithography, BCPL has attracted attention in
microfabrication. More recently, BCPL has been used to create arrays of nanoparticles.17–
19

A distinct advantage of using BCPL to create arrays of nanoparticles is that the

assembly of the nanoscale polymer domains does not depend on the substrate being used,
overcoming limitations described with NSL. Thereby, adopting and expanding on
strategies for using these polymer materials as nanoparticle templates is pragmatic to
create tunable arrays of nanoparticle electrodes on a supporting ITO electrode.
Fabrication of an array of spherical nanoparticle electrodes on an ITO support was
accomplished by using block copolymer lithography of poly(styrene-block-methyl
methacrylate) (PS-b-PMMA, Polymer Source Inc.). The complete lithography process is
shown in Figure 4.2. In brief, PS-b-PMMA with a PMMA wt. fraction of ~0.3 is cast on a
substrate grafted with a random copolymer of PS and PMMA (PS-r-PMMA). Upon
thermal or solvent vapor annealing, the block copolymer will phase segregate forming
PMMA cylinders (diameter 20-80 nm) oriented normal to the substrate and distributed in
a PS matrix. Selective removal of the PMMA leaves a PS mask that can then be used to
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deposit nanoparticles onto the substrate. Using this lithography strategy, nanoparticle
arrays can be fabricated at relatively low costs and over relatively large areas (limited by
the substrate size). Each step of the process is shown in Figure 4.2 and will be detailed in
the following sub-sections.

Figure 4.2. BCPL. (1) Spin coat neutral layer of PS-r-PMMA and thermally anneal to
graft to substrate. (2) Spin coat PS-b-PMMA and anneal to phase segregate
polymers. (3) Selectively remove PMMA with UV light and acetic acid. (4)
Remove the neutral layer in the PS holes by O2 reactive ion etching (RIE).
Thermally deposit metal onto the substrate through PS mask. (5) Label the
deposited metal with electroactive Nile Blue. (6) Remove PS mask by
sonication in toluene.
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Neutral Layer
The neutral layer is composed of a random copolymer of PS and PMMA. Its
function is to provide an anchor as well as an equal energy landscape for PS-b-PMMA
such that neither polymer block preferentially interacts with the substrate and they can be
ultimately aligned.20,21 The ratio of PS to PMMA in the neutral layer will have an impact
on the robustness of PMMA cylinder formation.22 Although the optimal ratio has been
determined empirically here, generally the mole faction of PS should be close to that of
the block copolymer (0.6-0.7).
The neutral layer was synthesized by free radial polymerization by collaborators
in the labs of Chris Ellison and Grant Willson.22 The composition of copolymer was
varied by changing the feed stock monomers of styrene (64 mol% or 70 mol%) and
methyl methacrylate. 1% Glycidyl methacrylate was added to give the random copolymer
functional epoxy groups which could be reacted with ITO. The neutral layers were
identified as either GC64 or GC70, where G stands for glycidyl methacrylate, C stands
for cylinder, and 64 or 70 represent the feed stock percentage of styrene. The monomers
and solvent were cleaned over CaH2 and alumina prior to the polymerization. The
reaction was carried out in a round bottom flask that had been purged with Ar containing
50 wt.% monomers in toluene at 70 °C overnight. 0.5 wt.% benzoyl peroxide (relative to
the monomer mass) was used as a thermal initiator. Following the completion of the
reaction, the random copolymer was dried and stored in ambient conditions.
Each substrate was cleaned prior to casting the neutral layer. ITO was cleaned by
sequential sonication in acetone, isopropyl alcohol, and 18.2 MΩ∙cm water for 15 min
each. Neutral layer solutions at 0.3 wt.% were spin coated on the substrates at 1500 rpm
using cyclopentanone as a solvent, forming a film with a thickness of ~7 nm. Table 4.1
shows the neutral layer solution compositions used to support varying diameters of
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PMMA cylinders. Next, the samples (substrate with polymer) were transferred to a
homebuilt vacuum oven and thermally annealed at 160 °C for 48 hours (P < 500 mTorr)
to react the epoxy handles to the substrate and therefore graft the copolymer to the
substrate surface.22

GC64 (mg)

GC70 (mg)

Cyclopentanone
(g)

D = 20 nm

0

12

4

D = 35 nm

6

6

4

D = 40 nm

12

0

4

D = 80 nm

12

0

4

Table 4.1:

Neutral layer solution composition for support of different PMMA cylinder
diameters.
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Block Copolymer Layer

Figure 4.3. Atomic force microscopy images of PS-b-PMMA films after thermal
annealing without (A) and with (B) homopolymer additives. Contrast is
provided by taller PMMA areas. Scale bars are 1 µm.
Excess neutral layer, not grafted to the substrate, was removed from the samples
by rinsing 5x with tetrahydrofuran (THF) while spinning at 1500 rpm. Next, block
copolymer solutions were prepared (Table 4.2) and spin coated on the samples at 3500
rpm. To change the diameter of the PMMA cylinders, the molecular weight of the block
copolymer was increased while keeping the PMMA wt. fraction constant.23 As the
molecular weight increases, the block copolymer mobility decreases when heated above
its glass transition temperature and does not form well-aligned PMMA cylinders in a PS
matrix. To promote cylinder formation, PS (Polymer Source Inc., Mw = 2180, Mn = 2300)
and PMMA (Polymer Standards Service, Mw = 2180, Mn = 1980, Part # PSS-mm2.1k)
homopolymers were added to the block copolymer solutions, again keeping the proper PS
to PMMA ratio.24,25 The addition of homopolymers to high molecular weight block
copolymers permitted a high yield of PMMA cylinders as shown in the AFM images in
Figure 4.3. Finally the samples with block copolymer films were thermally annealed in a
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vacuum chamber at 210 °C for a minimum of 1 hr (P < 500 mTorr).26 For the case of 80
nm PMMA cylinders, solvent vapor annealing was needed prior to thermal annealing to
form PMMA cylinders. This was accomplished by placing a sample in a 30 mL amber
bottle along with 300 µL of THF in a 1 mL vial for 2 hr.

PS-b-PMMA
(mg)

PS (mg)

PMMA (mg)

Cyclopentanone
(g)

D = 20 nm
(57k-b-25k)

60

0

0

6

D = 35 nm
(80k-b-30k)

60

13.2

4.2

6

D = 40 nm
(140k-b-65k)

60

17

7

6

D = 80 nm
(253k-b-163k)

71.1

83.1

62.6

7.2

Table 4.2:

Block copolymer solution composition for varying PMMA cylinder
diameters. Molecular weights of the block copolymers are given in
parentheses.
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Selective PMMA Removal

Figure 4.4. AFM image of PS mask after selective removal of PMMA from a thermally
annealed PS-b-PMMA film.
After annealing the block copolymer layer, PMMA was removed to form a PS
lithography mask (Figure 4.4). To selectively remove PMMA from the aligned block
copolymer, each sample was first exposed to deep UV light (254 nm) with N2 flowing
over the surface for 15 min. With UV exposure, PS serves as a negative photoresist,
cross-linking to form a rigid lithography mask, while PMMA behaves like a positive
photoresist, fragmenting into lower molecular weight components.27 The UV light also
serves to break the bonds between PS and PMMA. Next the samples were soaked in
glacial acetic acid for 60 s to dissolve away the PMMA without disturbing the PS.
Finally, the samples were washed and soaked in 18 MΩ∙cm water for at least 15 min and
dried with N2.

64

Reactive Ion Etching and Metal Deposition
Selective PMMA removal leaves a substrate coated with a PS film containing
wells where the PMMA used to be. At the bottom of the each well, there still exists the
neutral layer. Reactive ion etching (RIE) was used to remove the neutral layer at the
bottom of these wells so that the substrate was exposed and metal could be directly
deposited on it through the PS mask. O2 was used as a process gas at 10 sccm. Note: O2
will react with PS and PMMA, so a short etch time is desired to leave as thick of a PS
mask as possible. At a pressure of 80 mTorr, an O2 plasma was ignited at 20 W and
allowed to react with the polymer film for ~2 s.
With an exposed substrate at the bottom of each well, metal is deposited through
the PS to form nanoparticles on the substrate. Metal deposition (e.g. Au, Ag) was
performed using thermal evaporation. The metal of interest was heated until it reached a
steady evaporation rate of 0.3-0.5 Å/s at a base pressure of 5 x 10-5 Torr. The samples
were then exposed to the metal vapor, which condensed on the substrate and PS mask
until a desired thickness between 7 and 20 nm was reached.
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Nanoparticle Labeling

Figure 4.5. Nile Blue (blue stars) labeling of gold nanoparticle arrays on ITO fabricated
with BCPL. Schematic of labeling and SERS spectra of Nile Blue after (A,
D) and before (C, F) PS mask removal. (B, E) Schematic and fluorescence
spectrum associated with adsorbing Nile Blue directly on an ITO substrate
without nanoparticles. A 642 nm laser was used as the excitation source for
each case.
After deposition, Nile Blue was covalently attached to the metal to serve as a
spectroelectrochemical probe. First, each sample was incubated in a 10 mM ethanolic
solution of 3-mercaptopropionic acid (3MPA) for 24 hours to form a self-assembled
monolayer on the nanoparticles. The samples were then rinsed with ethanol and water,
dried with N2, and incubated in an aqueous solution of 0.02 M 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) and 0.04 M N-hydroxysulfosuccinimide)
(sulfo-NHS) for 30 min. The EDC and sulfo-NHS react with the terminal carboxylic acid
group of 3MPA to form an active NHS ester. After rinsing with water and drying with
N2, a 1 mM Nile Blue solution in 0.1 M phosphate buffer (pH = 5.0) was incubated over
the samples for 4 hours. The primary amine of Nile Blue reacts with the NHS ester to
form an amide bond, leaving Nile Blue covalently linked to the thermally-deposited
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metal.28,29 After incubation, excess Nile Blue was rinsed off with acetone and water.
Figure 4.5D shows Nile Blue surface-enhanced Raman scattering (SERS) from a gold
nanoparticle array when the exposed nanoparticle substrate is incubated in a Nile Blue
solution (Figure 4.5A); the SERS spectrum shows a significant fluorescent background
when illuminated with a 642 nm laser. The main contribution to this background was
found to come from Nile Blue adsorbed on ITO (Figure 4.5, B and E). Labeling the
nanoparticles with Nile Blue before PS mask removal (Figure 4.5C) prohibits nonspecific interactions of Nile Blue with the ITO substrate and ensures that any
spectroscopic signals from Nile Blue are originating only from the nanoparticles as
shown by the reduction in background fluorescence in the SERS spectrum in Figure 4.5F.

Mask Removal

Figure 4.6. Nanoparticle arrays created with BCPL. (A) ITO substrate with an array of
Au nanoparticles with diameters of 40 nm and heights of 12 nm. (B)
Scanning electron micrograph of nanoparticle array.
After metal deposition and functionalization with Nile Blue, the PS mask is
removed by sonication in toluene for 30-60 min. The final substrate contains an array of
monodisperse, plasmonic metal nanoparticles that cover the entire substrate and are
spherical in shape (Figures 4.6A and 4.6B, respectively). Figure 4.7 shows scanning
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electron microscope (SEM) images of the four different sizes of nanoparticles created
with BCPL. Importantly, the photograph in Figure 4.6A and the SEM images in Figure
4.7 show high uniformity in the size and shape of the nanoparticle electrodes in contrast
to those prepared by NSL.

Figure 4.7. Scanning electron microscopy images of nanoparticles created with PS-bPMMA lithography with average diameters of (A) 20 nm, (B) 35 nm, (C) 40
nm, and (D) 80 nm.
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4.4 LSPR CHARACTERIZATION

Figure 4.8. Normalized absorption spectra of nanoparticle arrays prepared with BCPL.
(A) Plasmon resonance tunability of 40 nm diameter Ag nanoparticles by
controlling the amount of metal deposited through the PS mask. (B)
Plasmon resonance of Ag and Au nanoparticle arrays with 40 nm diameters
and 15 nm heights.
The localized surface plasmon resonances (LSPR) of the nanoparticle arrays were
characterized with UV-vis spectroscopy. Figure 4.8A shows that as the nanoparticle
height is increased for a fixed diameter of 40 nm, the plasmon resonance blue shifts for
silver nanoparticles. The same trend is true for gold nanoparticles, but the shift is less
dramatic. The difference in LSPR between silver and gold nanoparticle arrays (diameter
of 40 nm) is shown in Figure 4.8B, with gold red-shifted with respect to silver. Using a
combination of tuning the nanoparticle diameter and height, the LSPR can be tuned
across the visible spectrum for silver nanoparticle arrays (Figure 4.9). Broadening in the
LSPR spectrum is due to a combination of long-range nanoparticle array order,
nanoparticle vacancies, presence of a substrate (compared to free in solution), and small
morphology defects.
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Figure 4.9. Absorption spectra of silver nanoparticles created by BCPL. A spectral
range of ~450 nm to ~650 nm can be achieved by tuning the nanoparticle
diameter (PMMA cylinder) and height (metal deposited).
4.5 CONCLUSIONS
In summary, we have developed a strategy to create monodisperse plasmonic
nanoparticle electrodes on an ITO supporting electrode over a large area using BCPL.
This lithography is insensitive to substrate and could therefore overcome heterogeneity in
nanoparticle morphology and pattern area created via NSL. We were able to tune the
aspect ratio of the nanoparticles in an array by controlling the molecular weight of PS-bPMMA to form PMMA cylinder diameters of 20, 35, 40, and 80 nm and by controlling
the amount of metal deposited through the PS mask. The tunability of the nanoparticle
size enabled tunability of the sample LSPR across the visible spectrum. We also
developed a strategy for selective labeling of the nanoparticle electrodes with an
electroactive dye molecule by shielding non-specific interactions with ITO using the PS
mask. Although there are array defects such as long range order and nanoparticle
vacancies using BCPL, the monodisperse morphology and selective labeling strategy
gives this method strong potential to be used as a platform in elucidating fundamental
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relationships between plasmonic nanoparticle electrode size and electrochemical
properties of molecules.
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Chapter 5: Electrochemistry on Tunable Plasmonic Nanoparticle
Arrays
5.1 INTRODUCTION
Noble metal nanoparticles have been widely explored for plasmon-based
applications such as molecular detection, chemical transformations, and photonics.1–8
Separately, noble metal nanoparticles have been used as electrodes to produce
electrochemical behaviors that deviate from their bulk counterparts.9–15 However, using
the plasmonic character of noble metal nanoparticle electrodes to directly alter
electrochemical reactions at their surface remains an open and active area of
investigation. To probe the role of plasmon excitation on electrode performance, it is
imperative to investigate plasmonic nanoparticle electrodes with well-controlled size and
shape. In order to meet these criteria, we developed a block copolymer lithography
(BCPL) method in Chapter 4 which allows us to fabricate arrays of tunable and
monodisperse plasmonic nanoparticle electrodes on a tin-doped indium oxide (ITO)
supporting electrode. BCPL also allows us to selectively label the nanoparticles with a
redox probe so that Faradaic processes on the plasmonic electrodes can be isolated from
the ITO support.
As described in Chapter 1, reading out electrochemical events on nanoparticle
electrodes is particularly challenging due to the small number of electrons being
transferred between the electrode and analyte. Using an array of plasmonic nanoparticle
electrodes allows bulk electrochemical measurements (e.g. voltammetry) to be utilized
while retaining any new nanoscale phenomena associated with the nanoparticle
electrodes. Further, labeling the plasmonic electrodes with Nile Blue allows optical
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measurements (e.g. surface-enhanced Raman scattering) to be used to investigate redox
reactions during plasmon excitation as shown in Chapter 3. In this Chapter we will
compare conventional electrochemical measurements to optical electrochemical
measurements to explore the possibility of plasmon excitation directly altering an
electrochemical redox reaction.
5.2 READOUTS OF ELECTROCHEMISTRY ON NANOPARTICLE ARRAYS

Figure 5.1. Scanning electron microscope image of a Au nanoparticle array on an ITO
supporting electrode fabricated with BCPL. The average nanoparticle
diameter is 20 nm with a nominal height of 11 nm.
Arrays of monodisperse nanoparticles with tunable diameters (20, 40, and 80 nm)
were fabricated on ITO-coated glass coverslips as detailed in Chapter 4 (Figure 5.1).
Briefly, poly(styrene-block-methyl methacrylate) (PS-b-PMMA) was self-assembled
onto ITO by thermal annealing to form PMMA cylinders in a PS matrix. PMMA was
selectively removed by chain scission with UV light and dissolution with glacial acetic
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acid. Reactive ion etching with O2 was then used to remove any remaining polymer in the
wells of the PS mask and expose the underlying ITO substrate. Gold was thermally
deposited onto the ITO substrate until a height of ~10 nm was reached. The nanoparticles
were then selectively functionalized with a redox probe by first forming a self-assembled
monolayer (SAM) of 3-mercaptopropionic acid (3MPA) on the gold surface. Next, 1ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide
(sulfo-NHS) were used to couple the primary amine of redox-active Nile Blue to the
terminal carboxylic acid of the SAM.16,17 Finally, the PS mask was removed by
sonication in toluene leaving an ITO substrate with an array of gold nanoparticles with
Nile Blue covalently attached. To form an electrochemical cell, glass slides were fixed
atop the gold nanoparticle/ITO working electrode with clear epoxy (Figure 2.5).
Electrochemical and spectroelectrochemical measurements were made using a 3electrode configuration with a Pt wire auxiliary electrode and a Ag/AgCl (1 M KCl)
reference electrode controlled by a CHI 650E potentiostat. Surface-enhanced Raman
scattering (SERS) imaging was conducted by placing the cell on an Olympus IX71
inverted microscope using a 642 nm laser as the excitation source. Additional
experimental details can be found in Chapter 2.
An advantage of using BCPL to create plasmonic electrodes is that all of the
Faradaic current from the Nile Blue is being measured at the gold nanoparticles as a
result of the selective labeling. A remaining challenge is that the capacitive current from
the supporting electrode is often higher than the Faradaic current at the nanoparticles.
Additionally, the hydrogen evolution reaction occurs near or slightly negative of the
formal redox potential of Nile Blue, which can overwhelm the Nile Blue Faradaic current
in a cyclic voltammogram as shown in Figure 5.2A. In order to suppress the capacitive
background current and measure the Nile Blue redox reaction, differential pulse
75

voltammetry (DPV) was used.18 In DPV, a series of potential pulses are superimposed on
a linear sweep of potential (inset Figure 5.2B). Current is measured before the pulse and
at the end of pulse. Plotting the difference of these currents minimizes the contribution of
charging to the overall current, thereby increasing the sensitivity to Faradaic current.
Figure 5.2B shows clear reduction and oxidation peaks corresponding to the Nile Blue
redox reaction from an array of 40 nm diameter gold nanoparticles using DPV.
Additionally, we note that the reduction and oxidation peaks occur at the same potential
which is consistent with surface-tethered redox reactions.19 With this approach we are
able to compare the potentials at which Nile Blue is reduced and oxidized on variable
diameter plasmonic nanoparticle electrodes. All DPV data in this Chapter were obtained
using a pulse amplitude of 50 mV and width of 50 ms, sampled every 4 mV.

Figure 5.2. (A) Cyclic voltammogram and (B) differential pulse voltammograms of Nile
Blue tethered to an array of Au nanoparticles (40 nm diameter x 10 nm
high) on ITO fabricated with BCPL. Differential pulse voltammograms
allow Faradaic current from Nile Blue to be measured over background
current, the latter of which dominates in the cyclic voltammogram. Orange
insets indicate the potential waveform for the respective techniques. 0.1 M
phosphate buffer at pH 5 was used for both measurements.
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A disadvantage of DPV measurements is that acquiring spatial information about
the underlying redox process is not possible, especially on individual electrodes. As
explored extensively in Chapter 3, modulation in SERS can be used as an electrochemical
readout of Nile Blue on plasmonic electrodes.17,20–23 As an optical readout, SERS
provides the sensitivity to investigate a smaller number of electrodes compared to DPV,
and intrinsically is not convoluted with electrochemical background or capacitive
processes. Moreover, imaging SERS allows the spatial dependence of redox reactions to
be probed.17,23 Figure 5.3 (top) shows the Nile Blue redox reaction at pH values less than
6, along with associated SERS images from Au nanoparticle substrates (bottom).24 In the
oxidized form, the Nile Blue SERS image shows “hot” regions and non-uniform intensity
across the nanoparticle electrodes which suggests dynamics that are averaged over with
traditional bulk electrochemical techniques such as DPV. This further supports the need
for single particle techniques like those discussed in Chapter 3 and Chapter 6.
Additionally, the excitation of SERS involves the excitation of the plasmonic substrate,
which makes SERS appropriate to study the alteration of electrochemical reactions via
plasmon excitation. Therefore, comparing electrochemical measurements from SERS and
DPV allows the effect of nanoparticle size and plasmon excitation to be distinguished
from each other.
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Figure 5.3. (Top) Nile Blue redox reaction at pH values lower than 6. (Bottom) SERS
images of Nile Blue tethered to Au nanoparticles arrays on ITO fabricated
with BCPL, corresponding to the oxidized (on, emissive) and reduced (off,
dark) forms. SERS was collected in 0.1 M phosphate buffer at pH 5 under
642 nm illumination.
Before moving to studies of Nile Blue electrochemistry on gold nanoparticle
electrodes, we must consider whether the electrochemical response of bare gold
nanoparticle electrodes is impacted by plasmon excitation. To test this, we fabricated an
array of Au nanoparticles on ITO using BCPL without Nile Blue labeling. Figure 5.4
shows the integrated image intensity from exciting a 40 nm diameter gold nanoparticle
array/ITO working electrode with a 642 nm laser as the potential was cycled over the
Nile Blue redox window. We observe no modulation in the signal over 3 full potential
cycles. A slight overall decrease in signal is likely due to focus drift in the microscope.
Importantly, these data show that potential-dependent changes in the image intensity in
the presence of Nile Blue are directly related to the changes in the redox state of the
molecule.
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Figure 5.4. Image intensity trajectory (bottom) from an unlabeled Au nanoparticle array
on ITO under an applied potential waveform (top) used to interrogate the
Nile Blue redox reaction. Scan rate is 20 mV/s. Au nanoparticles with
dimensions of 40 nm diameter x 15 nm tall were illuminated with a 642 nm
laser in a 0.1 M phosphate buffer at pH 5.
5.3 QUANTITATIVE ELECTROCHEMICAL ANALYSIS USING OPTICAL READOUTS
Quantitative metrics for cyclic voltammetry and DPV have been wellestablished.18 In order to compare these results to those obtained when using SERS
spectroelectrochemical imaging, we need to derive a comparable analysis for the
modulation in SERS based on a change in the redox state of Nile Blue. We start by
considering the half-wave potential (E1/2) which defines the potential at which the
population of molecules in the oxidized and reduced forms is equal. E1/2 can be obtained
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from DPV data by Equation 5.1, where Ep is the peak potential of either the reduction
(Ep,c) or oxidation wave (Ep,a) and ΔEp is the separation between them (Figure 5.5A).
𝐸1⁄ = 𝐸𝑝 ±
2

∆𝐸𝑝
2

(5.1)

Although E1/2 does not capture all the electrochemical dynamics, it serves as a good
metric to compare the energy needed to perform a reduction or oxidation of Nile Blue as
a function of nanoparticle electrode size and plasmon excitation.

Figure 5.5. (A) Differential pulse voltammogram of Nile Blue labeled 40 nm diameter
Au nanoparticles in an array. The reduction (Ep,c) and oxidation (Ep,a) peaks
are extracted to calculate E1/2. (B) Cyclic voltammogram (black) and
reduction wave first derivate (blue) of Nile Blue tethered via 3MPA and
EDC/sulfo-NHS coupling to a Au island film created by thermally
evaporating 7 nm of gold onto an ITO substrate. The local maximum of the
first derivative is associated with the potential (Ep/2) at half of the maximum
reduction current (Ip/2). The measurement was collected in 0.1 M phosphate
buffer at pH 5 at a 20 mV/s scan rate.
For the SERS experiments, we use a potential waveform associated with cyclic
voltammetry (inset Figure 5.2A) rather than DPV (inset Figure 5.2C). To analyze our
SERS data, we follow an analysis similar to what is done for interpreting cyclic
voltammetry data.

Typically, E1/2 can be estimated from cyclic voltammetry by
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averaging the reduction and oxidation peak potentials.18 However, E1/2 can also be
approximated by the average of the half-peak potentials (Ep/2) for the reduction and
oxidation processes as shown in Equation 5.2, assuming a reversible reaction and
symmetric cyclic voltammogram.
𝐸1⁄ =

𝐸𝑝,𝑐⁄ + 𝐸𝑝,𝑎⁄
2

2

2

2

(5.2)

In this equation, Ep,c/2 and Ep,a/2 represent the half-peak potentials for the cathodic and
anodic waves, respectively. The advantage of using Ep/2 versus Ep to find E1/2 is that the
former can easily be calculated with a derivative analysis, as shown in Figure 5.5B. This
point becomes important when interpreting changes in SERS signals as discussed further
below.
Turning now to quantification of the Nile Blue redox potentials using the
electrochemically-modulating SERS signals, we first plot the integrated SERS image
intensity as a function of applied potential to create a SERS cyclic voltammogram as
shown in Figure 5.6A. Defining a peak potential is difficult in these voltammograms
because factors such as photobleaching and signal-to-noise may also cause variations in
the intensity when the molecules are in the fully reduced or oxidized forms.
Alternatively, if we look at the change in intensity during an oxidation or reduction wave
with a derivative analysis, the aforementioned effects can be minimized. Figures 5.6B
and 5.6C show the SERS reduction and oxidation waves, respectively, with their
associated first derivatives. As shown in Figure 5.5B and with Equation 5.2, the
derivative minimum (Ep,c/2) and maximum (Ep,a/2) can be averaged to acquire E1/2. These
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values can be compared to the E1/2 values calculated from DPV allowing the impact of
plasmon excitation and nanoparticle size on Nile Blue electrochemistry to be analyzed.
For all derivative analyses in the remainder of this Chapter, we calculate half-wave
potentials for three cycles of a voltammogram collected at a scan rate of 20 mV/s and
report the average potential.

Figure 5.6. (A) Integrated SERS image intensity as a function of applied potential.
Arrows indicate the direction of the sweeping potential. The first derivative
of the SERS intensity was used to calculate Ep/2 for the reduction (B) and
oxidation (C) waves independently. The onset of reduction (D) and
oxidation (E) were determined by the third derivative of the SERS intensity.
Another metric we can calculate using the SERS derivative analysis is the onset
potential for reduction and oxidation. For this, we calculate the third derivative of the
SERS intensity and tabulate the local minimum for reduction and local maximum for
oxidation as shown in Figures 5.6D and 5.6E, respectively. The third derivative
represents a sudden change in the continually changing SERS intensity. Physically, this
happens only when Nile Blue starts to be reduced or oxidized. Intensity changes based on
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photobleaching or other factors are gradual in nature and will not be captured by this
analysis, whereas they would be with a second derivative. Unfortunately, we cannot
accurately compare the onset potentials calculated with SERS to those from DPV because
the signal in DPV is too low. Nonetheless, we can compare E1/2 values and use the onset
potentials to provide additional mechanistic information about the benefit or drawback of
exciting the plasmon of a nanoparticle electrode.
One challenge with using optical readouts to quantify redox potentials of
molecules is the signal-to-noise of the measurement.

When signal-to-noise is low,

accurate estimates of the half-wave and onset potentials can be shifted relative to their
true values, simply because the intensity of the SERS is lower than the noise threshold of
the measurement. This effect is especially pronounced for onset potential calculations, as
we have observed for Nile Blue fluorescence on bare ITO. In those experiments, the
onset potentials calculated from the fluorescence third derivative analysis changed as a
function of the local laser intensity, where oxidation (reduction) onset potentials were
more negative (positive) in the region of highest laser intensity relative to regions excited
by the edge of the Gaussian excitation beam. Thus, one must be careful when assigning
quantitative redox potentials, particularly onset potentials, in experiments with low
signal-to-noise.
5.4 EFFECT OF NANOPARTICLE SIZE ON E1/2
Figure 5.7 shows the DPVs and SERS cyclic voltammograms for Nile Blue
tethered to arrays of gold nanoparticles with diameters of 20, 40, and 80 nm. DPV reveals
two peaks for each size of nanoparticle, which is not present in bulk cyclic voltammetry
measurements (e.g. Figure 5.5B). In previous studies of Nile Blue in the presence of
nicotinamide adenine dinucleotide (NADH), the most positive peak has been assigned as
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the formation of a new complex between Nile Blue and NADH;24 however, we can easily
refute this assignment due to the absence of NADH in our samples. There still may be the
possibility of a new complex forming on the electrode involving Nile Blue (e.g. Nile Blue
aggregates, Au-Nile Blue charge transfer complex), although the SERS spectra provide
no immediate insight into what these complexes may be. The more negative peak in the
DPV data is at the formal redox potential of Nile Blue and is thus used for the reminder
of the analyses and discussions in this Chapter.

Figure 5.7. (A) Differential pulse voltammograms corresponding to Au nanoparticles of
varying diameter and equal height (10 nm). (B) Nile Blue SERS cyclic
voltammograms showing a significant difference between 80 nm and 40/20
nm nanoparticle diameters. Measurements were made in a 0.1 M phosphate
buffer at pH 6 with 642 nm excitation.
The SERS cyclic voltammograms in Figure 5.7B highlight differences in
electrochemical behavior among the nanoparticle electrode sizes. The voltammograms
shift to more negative potentials with increasing nanoparticle size. After complete Nile
Blue oxidation (V > -0.2), the 80 nm electrodes show a plateau to a stable SERS intensity
as expected, while the SERS intensity continues to rise for the 20 and 40 nm nanoparticle
electrodes until the switching potential is reached. A constant intensity is expected after
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reaching the potential at which all of the Nile Blue molecules are oxidized, which
suggests new dynamics are occurring when using the smaller 20 and 40 nm electrode
diameters. One possibility is formation of a charge transfer complex between the
molecules and nanoparticle electrodes, leading to a potential-dependent enhancement of
the SERS, as reported for specific Raman modes in other studies.25–27 We must also
consider the possibility that the continuous rise in SERS intensity is associated with the
more positive peak in the DPV (Figure 5.7), although the lack of an intensity rise with the
80 nm nanoparticles seems inconsistent with this hypothesis. Currently, we have focused
our efforts on quantifying the potentials at which reduction and oxidation of Nile Blue
occur on different sized electrodes, but we plan on exploring the potential- and sizedependent intensity differences at the most oxidizing potentials in future experiments.
Using the analysis described in section 5.3, we quantified the changes in E1/2 of
Nile Blue on the different size nanoparticle electrodes as read out with DPV and SERS.
Figure 5.8 shows that with both readout methods, E1/2 decreases in a linear fashion with
increasing nanoparticle size. In previous work, direct electrochemical oxidation of silver
nanoparticle electrodes has been shown to be dependent on nanoparticle size.10,28 This
behavior was explained by considering two mechanisms: (1) size-dependent changes to
the diffusion profile of dissolved metal ions upon oxidation and (2) the formal redox
potential (E°) shifting negative with decreasing nanoparticle size.29–31 We can exclude the
former possibility to describe our results, because neither the nanoparticle electrodes nor
redox probe are dissolving into solution. A shift in E° with nanoparticle size is an
interesting possibility, which would indicate a difference in the Fermi level of the metal
electrodes.32,33 In this case, as the nanoparticle size decreases, its E° shifts negative and
closer to the Nile Blue E°, and therefore requires less energy (potential) for electron
transfer between the electrode and molecule. Yet another possibility is that the different
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nanoparticle sizes contain different surface facets which are more or less catalytic for the
redox reaction of Nile Blue. Due to the size of the nanoparticles and the preparation
method, well-defined surface structure is not likely on these arrays of nanoparticles.
Including additional nanoparticle sizes, up to bulk Au/ITO, in this experiment will help in
elucidating the mechanism responsible for the trend in these data, but a decrease in the
E1/2 of Nile Blue with increasing nanoparticle size holds true for both DPV and SERS
techniques.

Figure 5.8. E1/2 values calculated using optical (red data) and differential pulse
voltammetry (black data) readouts for varying Au nanoparticle diameters.
E1/2 decreases linearly with an increase in nanoparticle diameter and is more
positive when calculated with an optical readout. Measurements were made
in a 0.1 M phosphate buffer at pH 6 with 642 nm excitation.
Figure 5.8 also shows that Nile Blue’s E1/2 is shifted positive with SERS as a
readout compared to DPV for all three nanoparticle sizes investigated. To explain this
difference, we must consider (1) systematic error in the electrochemical analysis using
SERS, (2) laser-induced effects, and finally (3) the possibility of plasmon excitation
influencing the electrochemistry. To address systematic error, we measured the E1/2 of
Nile Blue (100 µM in 0.1 M phosphate buffer, pH 5) on bare ITO as read out with DPV
and fluorescence cyclic voltammetry (same principle as SERS cyclic voltammetry except
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using the fluorescence from the Nile Blue rather than the SERS signal) and found values
of -0.255 V and -0.264 V, respectively (Figure 5.9). In this experiment, E1/2 between the
two readout methods is within 10 mV, which is smaller than the difference in Figure 5.8.
Additionally, the optical measurement of E1/2 was negative of the DPV measurement,
opposite of the trend in Figure 5.8. Collectively, these data provide support that a
systematic difference between readout methods is not responsible for the trend in Figure
5.8.

Figure 5.9. (A) Differential pulse voltammetry and (B) SERS cyclic voltammetry of
100 µM Nile Blue in 0.1 M phosphate buffer at pH 5 on a bare ITO
electrode. E1/2 was measured at -0.255 and -0.264 V, respectively.
Next, we considered the possibility of laser-induced changes to E1/2 using an
optical readout. To test this, we sought to measure E1/2 electrochemically (e.g. DPV) with
and without laser irradiation of the working electrode. A challenge with the strategy of
using DPV to measure E1/2 on arrays of nanoparticles is that our laser spot size (µm2) is
orders of magnitude smaller than the working electrode (mm2). To match our electrode
area to the laser spot, we fabricated a gold ultramircoelectrode (UME) and functionalized
Nile Blue to its surface (see Chapter 2 for details).34 The active area of the UME was then
brought into focus on an Olympus IX73 inverted microscope equipped with an all-glass
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electrochemical cell in contact with a 60x microscope objective. Figure 5.10 shows DPVs
of Nile Blue on the UME with (red) and without (black) illumination with a 642 nm laser.
The overlay in the curves as well as identical E1/2 values in these data strongly suggests
that a shift of the E1/2 is not an effect of illuminating the gold electrode with a laser.
Therefore, plasmon-assisted electrochemistry remains a possibility and is further
explored in the following sections.
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Figure 5.10. DPV of Nile Blue tethered to a Au UME with a diameter of 12.5 µm
without (black) and with 642 nm laser excitation (red) in 0.1 M phosphate
buffer at pH 4. E1/2 is at -0.277 V for both conditions. Excitation was 80 µW
of a 642 nm laser.
5.5 EFFECT OF PH ON ELECTROCHEMISTRY USING NANOPARTICLE ELECTRODES
Previously we have shown that the nanoparticle size can influence E1/2 both using
DPV and SERS as electrochemical readouts. In comparing these two methods, in addition
to control experiments, we also have shown that exciting the SERS, and consequently the
plasmon resonance, of Nile Blue labeled gold nanoparticles shifts the E1/2 toward more
positive values. The SERS cyclic voltammograms in Figure 5.7 show the largest
difference between nanoparticle diameters of 20/40 nm and 80 nm. These differences are
apparent in both the potentials at which Nile Blue is oxidized or reduced, as well as the
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intensity rise/plateau associated with potentials when Nile Blue is fully oxidized. To
explore these differences and gain further insight into whether or not plasmon excitation
can alter the Nile Blue redox reaction, we use SERS to calculate E1/2 and onset potentials
for the 40 nm and 80 nm diameter particles as a function of pH in the following sections.
Previous work has shown that the redox chemistry of Nile Blue in solution and
immobilized on an electrode is pH dependent, so the intent of these studies is to reveal if
local pH differences could be leading to the observed differences in the Nile Blue
behavior on the nanoparticle electrode surface.16,24
Figures 5.11A and 5.11B show SERS cyclic voltammograms of Nile Blue
tethered to 40 and 80 nm nanoparticles, respectively, as the electrolyte buffer pH is
changed. Corresponding SERS intensity-potential traces are shown in Figure 5.11C for
the first potential cycle. As expected, an increase in solution pH causes a negative shift in
the potentials at which reduction and oxidation occur.16,24 This is true for both
nanoparticle sizes. As in Figure 5.7, the SERS intensity continues to rise until the most
oxidizing potential is reached on the 40 nm nanoparticles. On the 80 nm nanoparticles,
the SERS intensity plateaus as expected across pH values in the range of 3-6. At pH 7,
the SERS plateaus within a given potential scan, but rises with each subsequent potential
cycle on the 80 nm nanoparticles.
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Figure 5.11. (A, B) Nile Blue SERS cyclic voltammograms as a function of buffer pH for
arrays of 40 nm and 80 nm diameter Au nanoparticles, respectively. The
voltammograms shift negative with increasing pH and show distinct
differences at oxidizing potentials between 40 nm and 80 nm nanoparticles.
(C) Normalized SERS intensity-potential traces corresponding to the SERS
voltammograms in (A, B), respectively. Green lines highlight a change in
slope with the 40 nm nanoparticles after oxidation of Nile Blue.
A more subtle trend emerges in the SERS at oxidizing potentials for the 40 nm
nanoparticles. Figure 5.11C (green lines) shows an initial sharp increase in SERS
intensity as the potential is swept positive, followed by a second, more shallow increase
in intensity until the switching potential is reached. The point at which the slope of SERS
intensity changes (breakpoint) on the 40 nm nanoparticles occurs near the potential at
which the SERS begins to plateau on the 80 nm nanoparticles, suggesting that the second,
more shallow rise in SERS is not due to the oxidation of additional Nile Blue molecules.
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By correlating the breakpoint for the 40 nm intensity-potential trace to the 80 nm
nanoparticles, we can identify the initial rise in intensity as the oxidation of Nile Blue.
Earlier we speculated the intensity change after the breakpoint may be due to a charge
transfer resonance formed between the molecule and electrode. There are a few reports of
pH-dependent changes in SERS based on a charge transfer mechanism, but we cannot
verify this in our current experiments.35–37 Future experiments employing a SERS
spectral analysis will aid in refuting or supporting this hypothesis.
Although there are qualitative differences in the SERS cyclic voltammograms
between 40 and 80 nm nanoparticles at oxidizing potentials, we can use our derivative
analysis to quantify the shifts in E1/2 and the onset potentials using each nanoparticle size
as the pH is varied. Note that the breakpoint is identified by the second derivative of
SERS and therefore is not incorporated into our analysis. Figure 5.12 shows the
calculated E1/2 values for Nile Blue on 40 and 80 nm gold nanoparticles with DPV and
SERS readouts. In all cases, E1/2 decreases with increasing pH at approximately the same
rate. The formal potential of Nile Blue has previously been shown to exhibit a non-linear
shift with pH, indicating that the number of protons involved in the redox reaction is pHdependent.16,24 In our data, with Nile Blue chemically immobilized to the gold
nanoparticles, a linear shift in potential allows us to conclude that the number of protons
involved in the redox reaction is fixed for all pH values as evidenced in Figure 5.12. The
primary amine of solvated Nile Blue has been identified as one of the protonation sites in
the reduction of Nile Blue.24,38 This protonation likely does not occur in our experiments
because the primary amine of Nile Blue forms an amide bond when immobilized to gold
nanoparticles terminated with 3-mercaptopropionic acid, causing an increase to its pKa.39
Despite small variations, the largest difference in the data in Figure 5.12 comes from the
relatively large positive shift in E1/2 at all pH values using 40 nm nanoparticles as
91

calculated with a SERS optical readout, which supports the observation of plasmonassisted electrochemistry in Figure 5.8.

Figure 5.12. E1/2 values calculated using optical and differential pulse voltammetry
readouts as a function of pH for 80 nm and 40 nm diameter Au
nanoparticles in an array. Both readouts show a decrease in E1/2 with
increasing pH, the most positive values occurring on 40 nm nanoparticle
electrodes with an optical readout.
5.6 MECHANISMS OF PLASMON-ASSISTED ELECTROCHEMISTRY
An advantage of using SERS imaging as an optical readout of Nile Blue
electrochemistry is that we can observe spatial differences in the redox reaction. In our
array format, individual nanoparticles are too closely spaced to be optically resolved due
to the diffraction limit of light using an optical microscope. We can, however, investigate
how the local laser intensity affects E1/2, induced by the Gaussian profile of the laser
beam used for excitation. First, we divide the SERS images (as in Figure 5.3) into bins
and integrate the intensity of each bin over an image stack acquired from cycling the
potential between +0.2 V and -0.6 V for 3 cycles at 20 mV/s (bin size is determined by
signal-to-noise in the derivative analysis). Next we calculate the first derivative for the
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oxidation and reduction waves to obtain Ep,a/2 and Ep,c/2, respectively. Using Equation 5.2,
E1/2 is then calculated for each bin and plotted in a spatial potential map as shown in
Figure 5.13. For mechanistic insight, we apply this analysis across a wide pH range from
3 to 8. For both 80 and 40 nm nanoparticles, we observe E1/2 values that are dependent on
the local laser intensity. For each image, the center corresponds to the Gaussian beam
maximum, which decays to the edges of the image. Generally, at lower pH values, E 1/2
shifts positive with increasing excitation intensity. As the pH of the buffer solution is
increased, the E1/2 dependence on the local laser intensity transitions from a positive to a
negative association. In other words, at pH 8 the highest excitation intensity at the center
of the map corresponds to the most negatively shifted E1/2.

93

Figure 5.13. E1/2 potential maps over ~21 µm x 21 µm regions of 80 and 40 nm diameter
Au nanoparticle arrays on an ITO substrate as a function of pH. Bin sizes
are 1.5 µm and 3.0 µm for 80 (pH 3-7) and 40 nm (80 nm, pH 8)
nanoparticles, respectively. Each map shows local potential differences due
to the non-uniform Gaussian laser intensity profile across the sample.
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The spatial potential maps in Figure 5.13 are valuable in determining if and how
plasmon excitation is altering the E1/2 of Nile Blue. As described in Chapter 1, the
excitation of a plasmon and its subsequent decay can result in heating and/or energetic
carriers (electrons and holes) distributed locally at a nanoparticle surface, both of which
could alter a redox reaction. If local heating of the nanoparticle electrodes is occurring,
the regions associated with highest laser intensity, and thus highest local heating, would
show a consistent shift in the measured potentials relative to the regions associated with
lower laser intensity, and thus less local heating. The data in Figure 5.13 allow for this
mechanism to be discounted as a major contributor to the E1/2 potential shifts as different
relationships with local laser intensity are observed at the low and high pH range.
To determine if hot carriers are involved in the redox reaction, we turn to the
onset potentials of reduction and oxidation. Figure 5.14 illustrates how plasmongenerated hot carriers may induce shifts in the onset potentials as the Fermi energy (GF)
of the plasmonic nanoparticle electrodes is electrochemically changed (note: G is used as
energy here to avoid confusion with potential, E). First, the plasmon may decay into
discrete hot electron-hot hole pairs localized about GF (Figure 5.14A). The hot carriers
will then relax via electron scattering into distributions that follow Fermi-Dirac statistics
at an elevated temperature as represented in Figure 5.14B.40 For a reduction process,
Figure 5.14C, the hot electrons will have enough energy to transfer to the LUMO of Nile
Blue even though the GF of the electrode is energetically below the LUMO of the
molecule, effectively causing the onset of reduction to occur at a more positive
electrochemical potential. The opposite holds true for an oxidation wave as shown in
Figure 5.14D; hot holes can transfer to the highest occupied molecular orbital (HOMO)
of reduced Nile Blue before the GF of the electrode reaches the same energy as the
HOMO, effectively shifting the onset of oxidation to more negative potential.
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Figure 5.14. The population of the electronic states (grey) of a plasmonic nanoparticle
electrode is controlled by electrochemically changing the Fermi energy (GF).
(A) Plasmon excitation and resultant decay leads to the formation of hot
electrons (e-, red) and hot holes (h+, blue). (B) The hot carriers redistribute
to resemble an elevated temperature population described by Fermi-Dirac
statistics. (C) As GF is increased during a reduction wave, hot electrons may
transfer to Nile Blue before the GF reaches the LUMO of Nile Blue,
allowing the Nile Blue to be reduced at a less negative applied potential than
non-plasmon-assisted electrochemistry. (D) During an oxidation wave, hot
holes may transfer to the HOMO of reduced Nile Blue before GF, allowing
the Nile Blue to be oxidized at a more negative applied potential than nonplasmon-assisted electrochemistry.
Plasmon-induced hot carriers have been predicted to depend on the nanoparticle
size, which could translate to size-dependent onset potentials if hot carriers are altering
the redox reaction.41,42 As a nanoparticle size increases so does the number of hot carriers
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generated, at the expense of having energies closer to the GF.41 From this relationship,
both the number and energy (relative to GF) of hot carriers must be considered as a
function of nanoparticle size when determining their influence on redox onset potentials.
If hot carrier energy outweighs hot carrier number in altering electrochemical reactions,
then we expect the smaller, 40 nm nanoparticles to shift the onset of reduction (oxidation)
more positive (negative) than the 80 nm nanoparticles. Oppositely, if hot carrier number
carries more weight, then we expect the 80 nm nanoparticles to produce the largest onset
potential shifts.

Figure 5.15. (A) Reduction and (B) oxidation onset potentials for Nile Blue on Au
nanoparticles with diameters of 80 nm (red) and 40 nm (green). 40 nm
nanoparticle electrodes yield the more positive onset potentials for Nile
Blue.
Figure 5.15 shows the onset of reduction and oxidation for 40 and 80 nm Au
nanoparticles as a function of buffer pH, calculated from the third derivative of the SERS
cyclic voltammograms. The oxidation onset potential at high pH values was shifted too
far negative to be included in this analysis as we kept the potential window constant for
all pH ranges. The onset potential data show a linear relationship with pH as observed
with E1/2, with 40 nm electrodes exhibiting the most positive shifts. Figure 5.15A
97

matches the expectation that the onset of reduction is primarily effected by hot electron
energy due to the smaller nanoparticles showing the most positive potential shift.41 Figure
5.15B supports the prediction that the number of hot holes has the greatest impact on the
oxidation onset due to the larger nanoparticles exhibiting the most negative potential
shift.41 At a given pH, the difference in onset potential between nanoparticle sizes for
reduction and oxidation is approximately equal. Thus, although our onset potential data
can be qualitatively ascribed to the number and energy of plasmon-generated hot carriers,
we cannot reconcile them quantitatively. Further, neither size of nanoparticle exhibits a
plasmon resonance with significant overlap with the excitation source, which likely
minimizes the production of hot carriers (Figure 5.16). Including more nanoparticle sizes
should support or eliminate the hot carrier mechanism and is part of the focus of future
experiments.

Figure 5.16. Plasmon resonance spectra for 40 (blue) and 80 nm (red) Au nanoparticle
arrays on ITO along with the absorption spectrum of Nile Blue (black).
SERS excitation is at 642 nm (dashed line).
Additional to plasmonic heating and hot carrier generation, another mechanism
that could be contributing to the shifts in Nile Blue electrochemistry is the plasmoelectric
effect described by Atwater and coworkers.43 In their experiment, Kelvin probe force
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microscopy was used to measure the surface potential of gold nanoparticles on an ITO
substrate as the wavelength of an excitation source was scanned across their plasmon
resonance. Excitation to the blue of the plasmon resonance induced a negative charge on
the nanoparticles, while excitation to the red induced a positive charge. Light-induced
concentration of electrons and holes at the nanoparticle surface could provide an
additional driving force for reduction and oxidation, respectively. For example, a
negatively charged surface could facilitate a positive shift of the reduction onset potential
by transferring excess electrons to the LUMO of Nile Blue before the GF reaches the
LUMO. For the onset of oxidation, a positive surface could assist in a negative shift via
transfer of excess holes.
In our experiments, the excitation source is to the red of the 40 nm nanoparticle
and to the blue of the 80 nm nanoparticle plasmon resonances (Figure 5.16). In both size
nanoparticles, the plasmon resonance was excited on the steepest part of the spectrum
which is expected to produce the largest plasmon-induced surface voltage.43 Invoking the
plasmoelectric effect, we would expect that the 80 nm nanoparticles would shift the
reduction and oxidation onset potentials positive relative to the 40 nm nanoparticles by
virtue of having a more negative surface potential. Our data in Figure 5.15 show the
opposite trend of positive potentials shifts with 40 nm nanoparticles. It is important to
point out that our measurements were in an electrochemical environment which adds the
complication of the electric double layer, not present in the measurements by Atwater and
coworkers. The surface potential created by plasmon excitation could alter the double
layer and impact our results in an opposite manner. To better explore the possibility of
the plasmoelectric effect influencing the redox potentials of Nile Blue on our plasmonic
electrodes, a wavelength scanning experiment is required.
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5.7 CONCLUSIONS/OUTLOOK
In summary, we have developed a method to probe plasmon-assisted
electrochemistry by comparing DPV and SERS cyclic voltammetry on monodisperse
arrays of gold nanoparticles fabricated with BCPL. A derivative analysis was outlined to
calculate E1/2 and onset potentials using an electrochemical modulation of Nile Blue
SERS. We have shown in this Chapter that gold nanoparticle electrode size influences the
E1/2 and onset potentials of Nile Blue. Moreover, using SERS as an optical readout has
shown that plasmon excitation is highly likely altering the redox reaction. E1/2 spatial
potential maps were found to differ with laser intensity as a function of pH, allowing us
to rule out nanoparticle heating as a mechanism for plasmon-induced electrochemical
potential shifts.
Future experiments are required to validate plasmon-assisted electrochemical
reduction and oxidation of Nile Blue reported in this Chapter and confirm the exact
mechanism leading to these differences. First, our BCPL will be expanded to include the
fabrication of additional nanoparticle diameters to strengthen the size-dependent trends.
Next, scanning the wavelength used for plasmon excitation across varying nanoparticle
diameters (plasmon resonances) will provide more insight into differentiating the role and
extent of the plasmon-induced hot carrier and plasmoelectric mechanisms proposed.
Finally, a SERS spectral analysis will be conducted to investigate the SERS intensity
trends observed at potentials positive of Nile Blue oxidation on 20 and 40 nm
nanoparticles. Despite the remaining challenges, these studies reveal the need for
understanding electrochemistry at nanoparticle electrodes, both due to the emergent
phenomena associated with nanoparticle size and plasmon excitation, as well as the
inherent heterogeneity of these systems, which underscores the need for spatiallyresolved techniques that complement traditional bulk electrochemical measurements.
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Chapter 6: Imaging Electrogenerated Chemiluminescence at Single
Gold Nanowire Electrodes2
6.1 INTRODUCTION
Plasmonic nanostructures are increasingly being used as electrodes in
electrochemical experiments because their nanoscale features and unique optical
properties can increase the efficiency, yield, and selectivity of reactions of interest.1–9
Utilizing single nanocrystals in electrochemical experiments can allow for greater control
and selectivity in electrocatalysis,10,11 and provide insights into single-molecule
electrochemistry,12,13 yet there are significant challenges to overcome when using
nanoparticles as electrodes.14 For example, synthetic nanoparticles are often prepared
using bulky organic ligands that consequently impede electrochemical activity.15
Moreover,

new

electrochemical

constraints

such

as

size-dependent

oxidation

potentials16,17 and extreme sensitivity to surface oxide formation18 emerge as noble metal
electrodes are shrunk to nanoscale dimensions. These considerations severely limit the
number of repeat measurements when using nanoparticles as electrodes. Performing
reproducible measurements on electrochemically-stable metal nanoparticle electrodes is a
significant challenge and paramount to the incorporation of these materials into nanoscale
electrical systems.
Another challenge when studying electrochemistry on metal nanoparticle
electrodes is measuring a redox response from the small number of molecules and/or

2

Reprinted with permission from Wilson, A.J.; Marchuk, K.; Willets, K.A. Imaging Electrogenerated
Chemiluminescence at Single Gold Nanowire Electrodes. Nano Lett. 2015, 15(9), 6110-6115. Copyright
2015 American Chemical Society.
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electrons interacting with a nanoelectrode. Many experiments overcome this limitation by
using nanoparticle arrays in order to generate a measurable current response.16,17,19–22
However, it is well-known that the optical properties of plasmonic nanoparticles have
extreme sensitivity to their shape and size, and it is important to discover whether similar
heterogeneity exists for the electrochemical properties of these materials when used as
nanoscale electrodes. To understand this, we require techniques that can probe the
electrochemical properties of single nanoparticle electrodes, one at a time. Scanning
electrochemical microscopy (SECM) allows for electrochemical measurements on single
nanoparticles,23–26 but is time-consuming, sensitive to probe fabrication27,28 and
alignment,29 and does not allow for many individual nanoparticles to be probed in
tandem. Optical techniques, such as fluorescence30–32 and surface-enhanced Raman
scattering (SERS)12,13 have also been used to interrogate electrochemistry on single
nanoparticle electrodes by measuring changes in the optical signatures of probe
molecules upon oxidation and reduction. These strategies require the use of an extrinsic
illumination source which may bias electrochemical measurements through local heating
of the electrode surface or (in the case of plasmonic nanoparticle electrodes) plasmonmediated hot electron production.1,33,34 Moreover, the probe molecules are susceptible to
photobleaching at high laser intensities, which makes it difficult to discriminate loss of
signal due to probe degradation versus nanoparticle damage/oxidation over multiple
redox cycles.
As an alternative approach, electrogenerated chemiluminescence (ECL) provides
the opportunity to take advantage of the sensitivity of an optical readout of
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electrochemical activity without the use of an illumination source or the need of a
scanning probe technique.35,36 ECL has been used to study micron-sized particles37,38 and
arrays of nanoparticles,39,40 but has not been reported on individual noble metal
nanoparticle electrodes. ECL microscopy has the potential to provide a rapid and robust
method to study how individual nanoparticle shape, size, and composition influence
electrochemical activity at the nanoscale. In this Chapter, we use ECL as an optical
readout of electrochemical activity at the single nanoparticle level, a measurement not
readily achievable with conventional electrochemical methods.
6.2 ECL ON GOLD VS. ITO ELECTRODES
To study metal nanoparticles as electrodes, a supporting electrode is needed to
provide electrical connection. For ECL we chose gold nanowires fixed to a tin-doped
indium oxide (ITO)-coated glass coverslip, a transparent, conductive substrate. Isolating
the electrochemical activity of nanoparticle electrodes optically requires signal contrast
between these two working electrode materials. Cyclic voltammetry was used to compare
the current consumed to produce ECL on ITO and gold electrodes. A gold film was
prepared by thermally evaporating 15 nm of gold onto an ITO-coated glass coverslip at a
rate of 0.3 Å/s (Lesker, Nano 36). The electroactive area of the ITO and 15 nm gold film
electrodes were within 10% of each other indicating their surface roughnesses were
comparable. PDMS wells were fabricated as previously described in Chapter 2 and
attached to a gold-ITO electrode and a bare ITO electrode. Cyclic voltammograms were
collected between 0 and +1.2 V vs. Ag/AgCl at a 100 mV/s sweep rate for each electrode
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using the following four solutions: (1) 0.25 M phosphate buffer at pH 7.2, (2) 1 mM
Ru(bpy)32+ in 0.25 M phosphate buffer at pH 7.2, (3) 10 mM TPA in 0.25 M phosphate
buffer at pH 7.2, and (4) 1 mM Ru(bpy)32+ and 10 mM TPA in 0.25 M phosphate buffer
at pH 7.2 (Figures 6.1 and 6.2). No ECL was observed on either electrode without both
ECL co-reactants. The reduction peak of Ru(bpy)33+ (Figures 6.1C and 6.2C) fell below
our detection sensitivity in the presence of TPA (Figures 6.1D and 6.2D) indicating a
reaction between the co-reactants with each electrode. The oxidation current of TPA was
much smaller on ITO (Figure 6.1B) compared to gold (Figure 6.2B), which shows that
direct oxidation of TPA is electrode dependent in this system.41 A cathodic peak was
observed for every solution using the gold film as a working electrode (Figure 6.2). This
peak corresponds to the reduction of a surface oxide on gold.
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Figure 6.1

Cyclic voltammograms of the individual components of the Ru(bpy)32+/TPA
ECL system on a bare ITO working electrode. (A) 0.25 M phosphate buffer
at pH 7.2, (B) 0.25 M phosphate buffer and 10 mM TPA, (C) 0.25 M
phosphate buffer and 1 mM Ru(bpy)32+, and (D) 0.25 M phosphate buffer,
10 mM TPA, and 1 mM Ru(bpy)32+. Sweep rate is 100 mV/s.
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Figure 6.2. Cyclic voltammograms of the individual components of the Ru(bpy)32+/TPA
ECL system on a 15 nm gold film-ITO working electrode. (A) 0.25 M
phosphate buffer at pH 7.2, (B) 0.25 M phosphate buffer and 10 mM TPA,
(C) 0.25 M phosphate buffer and 1 mM Ru(bpy)32+, and (D) 0.25 M
phosphate buffer, 10 mM TPA, and 1 mM Ru(bpy)32+. Sweep rate is 100
mV/s.
After comparing the current used to produce ECL on ITO and gold electrodes, we
compared the ECL signal between the bulk electrodes. Again, ECL was prodcued by
sweeping the potential between 0 and +1.2 V at a rate of 100 mV/s for 3 cycles in a
solution of 1 mM Ru(bpy)32+ and 10 mM TPA in 0.25 M phosphate buffer at pH 7.2.
Figure 6.3A shows the ECL signal measured as a function of potential and Figure 6.3B
shows the ECL signal as a function of time for each electrode. The onset of ECL on the
gold film occurs approximately 200 mV negative of ITO. At a potential of +1.2 V, ECL
from the gold electrode is roughly 5x more intense than that from the ITO. With the
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reduction current density of Ru(bpy)33+ approximately equal between ITO and gold
(Figures 6.1C and 6.2C), we assign the difference in ECL intensity to the differences in
direct oxidation of TPA between the two electrode materials, as concluded by Bard and
coworkers.41 Therefore, by applying a potential of +1.2 V we are able to image ECL at
gold nanowire electrodes supported on an ITO electrode due to the enhanced TPA
oxidation. The majority of our ECL comes from the gold with minimal contribution from
the supporting ITO electrode.

Figure 6.3. (A) ECL-potential curves and (B) integrated ECL intensity-time traces on
bare ITO (black) and 15 nm gold film on ITO (gold) electrodes in a 1 mM
Ru(bpy)32+, 10 mM TPA, and 0.25 M phosphate buffer at pH 7.2 solution.
Scan rate is 100 mV/s.
6.3 THE EFFECT OF NANOWIRE SURFACE TREATMENT FOR ECL IMAGING
The experiments herein show ECL from the tris(2,2’-bipyridyl)dichlororuthenium
(II) (Ru(bpy)32+) and tripropylamine (TPA) co-reactant pair42 at single gold nanowire
electrodes.

Reproducible

ECL

is

achieved

by

partially

removing

the

hexadecyltrimethylammonium surfactant (CTA+) from the purchased gold nanowires
109

(Nanopartz) and subsequently coating them with a polymer blend consisting of poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and poly(vinyl alcohol)
(PVA). Gold nanowires are drop-cast onto an ITO-coated microscope coverslip to serve
as a working electrode, and platinum and Ag/AgCl wires are used for auxiliary and
reference electrodes, respectively. Our electrochemical cells are fabricated to be
compatible with an Olympus IX73 inverted microscope equipped with an Olympus UDCD dark-field condenser and a Princeton Instruments PhotonMAX EM-CCD detector
(Figures 2.10 and 2.12). To produce ECL the potential is held at 0 V for 5 seconds and
stepped to +1.2 V for 2 seconds in a solution of 1 mM Ru(bpy)32+, 10 mM TPA, and 0.25
M phosphate buffer at pH 7.2. Additional experimental details can be found in Chapter 2.
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Figure 6.4. (Left column) Dark-field scattering images of single gold nanowires
electrodes and (right column) the corresponding Ru(bpy)32+* ECL produced
at each nanowire when the potential was held at +1.2 V. (A, B) Aspurchased gold nanowires on ITO; (C, D) gold nanowires on ITO boiled in
water to remove surfactant; (E-H) gold nanowires on ITO, boiled in water,
and coated with PEDOT:PSS-PVA by (E,F) drop casting and (G,H) spin
coating at 1000 rpm. Samples coated with PEDOT:PSS-PVA were
incubated in 1 mM Ru(bpy)32+ for 1 hour prior to electrochemical
measurements. All samples were immersed in a solution of 1 mM
Ru(bpy)32+, 10 mM TPA, and 0.25 M phosphate buffer at pH 7.2. Scale bars
are 20 µm.
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Figure 6.4 compares the dark-field microscopy images of gold nanowires with
different surface treatments and the resulting Ru(bpy)32+* (emissive form of Ru(bpy)32+)
ECL image. A sample prepared by drop casting as-purchased gold nanowires onto an
ITO-coated glass coverslip is shown in Figure 6.4A and 6.4B. No ECL was recorded for
this sample. A CTA+ bilayer exists on the nanowire surface as a consequence of
synthesis,43 and the lack of ECL suggests that the bulky stabilizing ligand bilayer blocks
electron transfer and prevents ECL. To test this hypothesis, we prepared a sample by drop
casting gold nanowires on an ITO-coated glass coverslip followed by placing the sample
in boiling water for 1 hour. This treatment is sufficient to perturb the bilayer and solvate
some of the CTA+ ligands, leaving an exposed gold surface.44 Figures 6.4C and 6.4D
show that ligand removal allows ECL to be produced at the nanowire surface.
Importantly, the ECL produced at the gold nanowire electrodes has a significantly higher
intensity contrast relative to ECL at the supporting ITO electrode, allowing us to
discriminate ECL at the nanoparticles from ECL at the substrate (Figures 6.1-6.3).40,45
While the strategy of removing CTA+ allows for the imaging of ECL from single
nanowire electrodes on a microscope, the nanowires quickly become electrochemically
inactive, most likely due to the formation of a gold surface oxide, resulting in the loss of
ECL signal (Figure 6.2). In order to preserve the exposed surfaces of the gold nanowires
on ITO after partial CTA+ removal, we coat the nanowires with a polymer film prepared
from a solution of 15% (v/v) PEDOT:PSS in a 3% PVA solution. PEDOT:PSS was
chosen due to it being both electrically conductive and optically transparent, while PVA
gives the polymer blend mechanical strength and provides strong adhesion to the
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substrate.46,47 The PSS in the PEDOT:PSS-PVA blend readily takes up cations, allowing
us to preload the film by incubation in a 1 mM Ru(bpy)32+ solution for 1 hour prior to
electrochemical measurements.48 With the partially exposed nanowires coated with this
polymer blend, ECL can easily be observed over the ITO background in Figure 6.4F
(drop-cast polymer film) and Figure 6.4H (spin coated polymer film). Moreover, because
the Ru(bpy)32+ is captured by the polymer coating, the ECL images look much sharper, in
comparison to the image in Figure 6.4D, where the Ru(bpy)32+* diffuses away from the
nanowire surface creating a blurred-looking image.

It is important to note that in

comparing Figure 6.4E and 6.4F, in which the polymer film is introduced via drop
casting, there appear to be more particles in the ECL image than in the dark-field image.
This is due to the optical extinction of the polymer film at thicknesses (~5-10 μm) created
by drop casting, which reduces the scattering contrast in the dark-field measurement.
Bright-field imaging allows additional ECL emission centers to be colocalized with
nanowires at these non-scattering regions (Figure 6.5). However, we still find that ~25%
of the ECL emission centers cannot be colocalized with nanowires observed with either
dark- or bright-field imaging due to reduced contrast produced by the microns-thick dropcast polymer film. Thus, ECL provides a mechanism for us to identify electrochemicallyactive nanowires in the thick film that are not observable using bright- or dark-field
imaging.
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Figure 6.5. Bright-field, dark-field, and ECL images of nanowires coated with
PEDOT:PSS-PVA by drop casting. Red circles highlight a few areas where
nanowires are colocalized with ECL emission using bright-field imaging.
The extinction of PEDOT:PSS-PVA prevents observation of these wires in
dark-field imaging. Scale bars are 20 µm.
In the case when the nanowires are covered with a spin-coated film (Figure 6.4G
and 6.4H), the thinner film (~300 nm) has a lower optical extinction compared to the
drop-cast film and allows us to readily observe dark-field scattering from the nanowires
(Figure 6.4G). Here we find that several nanowires that are present in the dark-field
image are not observed in the associated ECL image (Figure 6.4H), suggesting that these
nanowires either have poor electrochemical contact with the ITO or have had an
insufficient amount of the CTA+ ligand removed. For all samples investigated (149
nanowires), 82.5% of nanowires were visible with both dark/bright-field and ECL
imaging, 7.4% of nanowires were visible with dark/bright-field and not with ECL
imaging, and 10.1% were visible with ECL imaging and not with dark/bright-field
imaging.
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6.4 REPRODUCIBILITY OF ECL WITH DIFFERENT NANOWIRE SURFACE TREATMENTS

Figure 6.6. Applied potential waveform and integrated ECL intensity-time traces of a
single CTA+ coated nanowire (blue), a partially coated CTA+ nanowire
boiled in H2O (red), and nanowires coated with Ru(bpy)32+-doped
PEDOT:PSS-PVA by drop casting (DC) (green) and spin coating (SC) at
1000 rpm (black). All samples were immersed in a solution of 1 mM
Ru(bpy)32+, 10 mM TPA, and 0.25 M phosphate buffer at pH 7.2.
An important result of coating the gold nanowire electrodes with PEDOT:PSSPVA is the reproducibility of our electrochemical measurements. Figure 6.6 shows the
applied potential waveform and the background subtracted ECL intensity trajectories at
single gold nanowires over 10 potential cycles. As previously stated, and shown with the
blue intensity trajectory in Figure 6.6, no ECL is observed from the as-purchased
nanowires without removing CTA+. With partial removal of CTA+, a strong ECL signal
is initially measured, followed by intensity decay with each successive potential cycle
until the signal goes to background (Figure 6.6, red trajectory). It is well-known that
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surface oxidation will quickly and irreversibly cover the exposed gold at the applied
anodic potentials, leading to loss of ECL signals, although other factors such as ligand
rearrangement and impurity passivation must also be considered.41,49 To test the role of
surface oxide formation, repeated cyclic voltammetry experiments were performed on the
Ru(bpy)32+/TPA system using a bulk gold disc electrode and showed that a surface oxide
grows on the bare gold electrode with each potential cycle, causing a decrease in the
anodic current associated with ECL (Figure 6.7, gold data). The decrease in anodic
current on a bulk disc electrode with each potential cycle matches the trend of ECL signal
decrease on the bare nanowires, supporting oxide formation as the cause for ECL loss.
While surface oxide formation is straightforward to measure on a bulk electrode surface
using cyclic voltammetry, characterizing loss of electrochemical activity on single gold
nanowires is much more challenging, especially in real time and on multiple nanowires in
tandem. Common single nanoparticle characterization techniques, such as dark-field
scattering and scanning electron microscopy (Figures 6.8 and 6.9, respectively), provide
no clue that electrochemical oxidation has occurred on the nanowire surface, highlighting
the power of ECL for providing a rapid and accurate readout of nanowire electrode
stability over multiple potential cycles.
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Figure 6.7. Cyclic voltammetry of 1 mM Ru(bpy)32+, 10 mM TPA, and 0.1 M
phosphate buffer at pH = 7.5 on a bare gold electrode (gold curve), a bare
gold electrode coated with PEDOT:PSS-PVA by drop casting (black curve),
and a bare gold electrode coated with PVA by drop casting (green curve).
The coated electrodes show stable anodic peaks currents while the bare
electrode shows a decrease over 10 potential cycles. The gold oxide
reduction peak is lower with the coated electrodes than the bare electrode
showing less oxide formation. Scan rate is 100 mV/s.
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Figure 6.8. Dark-field images before and after potential cycling of boiled gold
nanowires (partial CTA+ removal) showing that the nanowire size, shape,
and location appear stable. Scale bars are 20 µm.

Figure 6.9. Gold nanowires with CTA+ partially removed without electrochemical
perturbation (A) and after 100 potential cycles between 0 V and +1.2 V (B).
No morphological change is observed from applied potentials.
The green ECL intensity trajectory in Figure 6.6 shows that nanowires coated
with PEDOT:PSS-PVA by drop casting give much improved electrochemical stability,
demonstrated by the ECL signal remaining consistent over all 10 potential cycles
(additional examples shown in Figure 6.10). Spin coating PEDOT:PSS-PVA on the
nanowires also improves electrochemical stability as shown by the black ECL trajectory
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in Figure 6.6, although the overall signal is lower. To test whether the polymer blend is
providing protection against surface oxide formation, we again performed repeated cyclic
voltammetry experiments on the Ru(bpy)32+/TPA system using a bulk gold disc electrode
coated with both PVA alone and the PEDOT:PSS-PVA blend (Figure 6.7, green and
black data, respectively). In both cases, we observe a decrease in the current associated
with gold oxide reduction, suggesting that the protective polymer film significantly
retards the formation of a surface oxide on the gold surface. Moreover, the anodic current
associated with Ru(bpy)32+ and TPA oxidation remains stable over multiple potential
scans, consistent with the ECL results observed optically on the gold nanowires (Figure
6.6).

The bulk voltammetry data in Figure 6.7 also shows increased current from

Ru(bpy)32+ and TPA oxidation when PEDOT:PSS is introduced into the PVA matrix,
suggesting that the charged polymer concentrates the electro-active species near the
electrode surface. Thus the combination of the charged PEDOT:PSS polymer with the
mechanically-stable PVA provides both enhanced protection of the gold surface against
oxide formation as well as increased signals from the cationic ECL probes.
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Figure 6.10. (A) ECL image of nanowire electrodes treated with boiling water with (B) 3
individual, background subtracted ECL intensity trajectories. (C) ECL
image of nanowire electrodes treated with boiling water and coated with
PEDOT:PSS-PVA (drop-cast) and (D) 3 individual, background subtracted
ECL intensity trajectories. Scale bars are 20 µm. Applied potential
waveform is the same as shown in Figure 6.6.
6.5 LOADING OF ECL REAGENTS IN A POLYMER FILM
In the examples above, the PEDOT:PSS-PVA films were pre-loaded with the
Ru(bpy)32+ by incubating the films in a 1 mM solution for 1 hour. However, using ECL
as a readout, we are able to track the loading process, as shown in Figure 6.11. Here, an
undoped 300 nm PEDOT:PSS-PVA film was spin-cast on top of the partially exposed
gold nanowires, and then the sample was placed on the microscope and exposed to a
solution of 1 mM Ru(bpy)32+ and 10 mM TPA in 0.25 M phosphate buffer at pH 7.2.
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Potential steps of +1.2 V were applied several times over the course of the 70 minute
experiment, and each time, the measured ECL signal at a single gold nanowire electrode
increased, as shown in Figure 6.11A.

Plotting the peak intensity as a function of

incubation time shows a linear rise in intensity (Figure 6.11B). Importantly, even after 5
minutes, we are able to obtain strong ECL signal, indicating that the Ru(bpy)32+ and TPA
can rapidly diffuse from solution through the porous polymer film and be oxidized at the
gold nanowire surface. Thus, the polymer blend is able to protect the gold nanowire
against electrochemical damage, while still allowing cations to quickly reach the
electrode surface. Full saturation of the polymer film takes several hours (Figure 6.12),
yet high dye loading is achievable at relatively short incubation times.

Figure 6.11. ECL intensity at a single gold nanowire electrode coated with 300 nm of
undoped PEDOT:PSS-PVA as a function of incubation time in a solution of
0.25 M phosphate buffer at pH 7.2, 10 mM TPA, and 1 mM Ru(bpy)32+. (A)
ECL signal generated at +1.2 V for 2 s at select incubation times. (B)
Maximum ECL intensity and best fit line showing a linear increase in signal
with incubation time.
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Figure 6.12. ECL co-reactant loading of an undoped 300 nm PEDOT:PSS-PVA coating
over bare gold nanowires. The integrated ECL intensity peak for three
individual nanowires was collected by stepping an applied potential of 0 V
(held for 5 s) to +1.2 V and held for 2 s.
6.6 INFLUENCE OF POLYMER THICKNESS OF ECL IMAGE QUALITY

Figure 6.13. ECL images of gold nanowires coated with Ru(bpy)32+-doped PEDOT:PSSPVA of different thicknesses. Polymer film thickness was varied by spin
coating to produce films with thicknesses of (A) 70, (B) 120, and (C) 300
nm. Scale bars are 20 µm.
Next, we investigated the effect that the thickness of the polymer coating has on
imaging ECL. To vary the thickness of PEDOT:PSS-PVA, we spin coated the polymer
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blend at 4000, 2000, and 1000 rpm for film thicknesses of 70, 120, and 300 nm,
respectively. Atomic force microscopy was used to approximate the film thickness by
scratching off a small area of polymer (see Chapter 2.2). Figure 6.13A shows that a
polymer layer of 70 nm produces a blurry ECL image, making it difficult to resolve
individual nanowires and requiring comparison with dark-field images to assign signals
to specific nanowire electrodes (Figure 6.14). Increasing the polymer thickness to 120
nm gives a sharper ECL image of the nanowire electrodes, but still includes a haze
around the nanowires, as shown in Figure 6.13B. In contrast, a 300 nm film gives a clear,
sharp image of ECL at the nanowires (Figure 6.13C). Cross-sections of the ECL emission
profile across the width of the nanowires shows that sharper ECL images are produced
with thicker polymer films over the nanowires (Figure 6.15). The reason for the blurry
ECL images from the 70 and 120 nm films can be explained by considering several
possible mechanisms. First, in thin films the excited Ru(bpy)32+* may escape more
quickly from the polymer matrix into bulk solution where its diffusion will be faster,
resulting in a blurred ECL image. As the film thickness increases, the Ru(bpy)32+* dwells
longer in the polymer, where its diffusion is slower, and we obtain a sharper overall
image. To verify this, we compared the ECL cross sections for several bare nanowires
from Figure 6.4D to the polymer-coated wires from Figure 6.13; interestingly, we
observe that the ECL cross-sections are comparable or even somewhat larger for the
nanowires coated with the 70 nm polymer film than the bare nanowires, suggesting that
the polymer could also be contributing to the blurred appearance of the ECL from the
nanowire electrodes. One possibility is that as the polymer film becomes thinner, the
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diffusion profile transitions from radial to lateral, blurring the image. A second possibility
is that the excited state lifetime of Ru(bpy)32+* may be longer in the polymer film than in
free solution,50,51 so we are able to observe molecules farther from the nanowire surface,
in contrast to the polymer-free examples in Figure 6.4D.

Although we cannot

differentiate between these different mechanisms (and multiple mechanisms may be
simultaneously in play), the optimal condition for obtaining sharp ECL images of
nanowire electrodes is by coating them with a thick polymer film.
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Figure 6.14. Dark-field, ECL, and overlay images for nanowires boiled in water and
coated with PEDOT:PSS-PVA by spin coating at 4000 rpm (A,D,G), 2000
rpm (B,E,H), and 1000 rpm (C,F,I) corresponding to Figure 6.13. Dark-field
images were falsely colored in ImageJ to provide a contrast in the overlay
images. Each image shows ECL originating from single nanowires as well
as a few individual clusters.
Figure 6.15 shows ECL (red curves) and dark-field (black curves) image cross
sections (15 x 40 pixels) for two individual nanowires for each of the following
conditions: bare nanowires (Figures 6.15A, 6.15B), bare nanowires coated with
PEDOT:PSS-PVA by spin coating at 1000 rpm (Figures 6.15C, 6.15D), 2000 rpm
(Figures 6.15E, 6.15F), and 4000 rpm (Figures 6.15G, 6.15H). The full width at half
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maximum (FWHM) value for each ECL cross section is listed in the respective plots. As
expected, the dark-field FWHM is the same across all of the nanowires due to the average
nanowire width being diffraction-limited. The ECL FWHM is greater than the dark-field
FWHM, indicating that emission is occurring at and away from the electrodes either by
Ru(bpy)32+* or Ru(bpy)33+ and TPA• diffusion. A narrow ECL profile generated from the
polymer coated nanowires (except for the thinnest coating), relative to the bare
nanowires, indicates that diffusion within the polymer is important to consider for ECL
image quality and reproducibility. As the thickness of the polymer increases, the ECL
FWHM decreases resulting in an increasing image sharpness and reproducibility.
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Figure 6.15. Cross sections of ECL (red curves) and dark-field (black curves) images of
two individual nanowires for bare gold nanowires (A,B) and bare gold
nanowires coated with PEDOT:PSS-PVA by spin coating at 1000 rpm
(C,D), 2000 rpm (E,F), and 4000 rpm (G,H). The FWHM for each ECL
curve is indicated in each plot as a comparison metric of the diffusion
profile for each surface treatment.
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6.7 INFLUENCE OF POLYMER THICKNESS ON ECL REPRODUCIBILITY

Figure 6.16. ECL trajectories of individual nanowires coated with a PEDOT:PSS-PVA
film at thickness of 70 nm (4000 rpm, red curve), 300 nm (1000 rpm, black
curve), and 5-10 µm (drop casting, green curve). As the film thickness
increases, the reproducibility of the ECL signals over 10 potential cycles
increases. All samples were pre-loaded with Ru(bpy)32+ and then exposed to
a solution of 1 mM Ru(bpy)32+, 10 mM TPA, and 0.25 M phosphate buffer
at pH 7.2. The potential was modulated between 0 V (5 s) and +1.2 V (2 s)
for 10 cycles.
PEDOT:PSS-PVA film thickness is also important to consider for the
reproducibility of the electrochemical measurements. Figure 6.16 compares the ECL
signal measured over 10 potential step cycles for different film thicknesses. Each film
was doped with Ru(bpy)32+ by incubation with a 1 mM Ru(bpy)32+ solution for 1 hour
prior to the electrochemical measurements. The red ECL trajectory in Figure 6.16 shows
that the 70 nm polymer film initially gave a strong ECL signal followed by a rapidly
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decaying intensity profile with each successive potential cycle. Similarly, the 300 nm
film (black trajectory, Figure 6.16) shows decay in the ECL signal with successive
potential cycles, albeit at a slower rate than the thinner film. Using this trend, and with
the goal of generating consistent ECL signals for many cycles, we created a thick
polymer film (5-10 µm) by drop casting. Although this type of film does not have a wellcontrolled thickness, the green ECL trajectory in Figure 6.16 shows the drop casting
method yields consistent ECL signals over many potential cycles.
To explain the relationship between the decay in the ECL intensity and the
polymer film thickness, we first considered the possibility of surface oxide formation on
the gold nanowires, similar to the bare nanowire electrodes shown in Figure 6.6. A
thinner film could lead to poorer protection of the gold nanowire surface, leading to faster
gold oxidation and more rapid loss of ECL signal. To test this, we looked at ECL
intensity time traces of individual nanowires coated with a 300 nm polymer film and
incubated in a 1 mM Ru(bpy)32+ solution for 1 hour. Over the first 10 potential cycles, the
peak ECL intensity was found to decay linearly, similar to the data shown in Figure 6.16
(Figure 6.17). We then allowed the sample to incubate in the solution for an additional
45 minutes, and ran 10 additional potential cycles. In this case, we found that the peak
ECL intensity was nearly double the original peak ECL intensity, yet followed a similar
linear decay over the 10 applied potential cycles (Figure 6.17). The rise in ECL intensity
after the additional 45 minute incubation period indicates that electrode surface oxidation
is not the mechanism responsible for the decay in ECL intensity observed in Figure 6.16.
Moreover, doubling of the ECL intensity for this increased incubation time matches well
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with ECL co-reactant loading (Figure 6.12), suggesting that the time-dependent changes
in the ECL intensity are related to the concentration of available analyte rather than an
increase in electrode area due to electrochemical roughening. We also note that the
increase in ECL intensity occurs only during periods when the potential is off, which
further supports our claim that electrode roughening does not occur, in addition to the
following reasons: (1) An increase in the cathodic peak associated with gold oxide
reduction is characteristic of an increased surface area created via electrochemical
roughening. The cyclic voltammograms in Figure 6.7 show that by coating a gold
electrode with PEDOT:PSS-PVA, the surface oxide reduction peak is stabilized between
cycles indicating a stable electrode area. (2) Scanning electron microscopy images of
bare gold nanowires not subject to an applied potential and bare nanowires subject to 100
potential cycles between 0 V for 5 s and +1.2 V for 2 s were compared (Figure 6.9). No
dramatic morphological changes were observed such as pitting, commonly observed for
electrochemically roughened surfaces. (3) An increase in ECL signal was only observed
between sets of potential cycles when no potential was applied and not within a single set
of potential cycles. Roughening would be expected to occur only during times when
potentials are applied. (4) A stable, steady state ECL signal was recorded for long
incubation times of the ECL co-reactants in the polymer films (Figure 6.12). An increase
in surface area or activity would show continual increases in signal. Taken together, these
data indicate that the rise in intensity shown in Figure 6.17 are due to changes in the
analyte concentration, not electrochemical roughening of the electrode surface.
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Figure 6.17. ECL intensity from a single nanowire electrode boiled in water and coated
with a 300 nm film of PEDOT:PSS-PVA. After 10 potential cycles the ECL
co-reactant concentrations decrease causing a loss of ECL signal, but are
recovered after incubation in a 1 mM Ru(bpy)32+ solution for 45 minutes.
Next, we considered the possibility that analyte depletion over the course of the
experiment could explain the thickness-dependent intensity loss in Figure 6.16. To probe
this further, we studied the ECL intensity decay from the Ru(bpy)32+/TPA system using
nanowires coated with a 300 nm PEDOT:PSS-PVA film and exposed to three pulse
sequences: (1) incubation in 1 mM Ru(bpy)32+ for 1 hour followed by exposure to a 1
mM Ru(bpy)32+, 10 mM TPA, 0.25 M phosphate buffer solution and applying 10
potential steps between 0 and +1.2 V, (2) 10 additional potential steps taken ~3 minutes
after sequence 1, and (3) 10 potential steps taken 30 minutes after sequence 2 (data not
shown). During sequence 1, the ECL intensity decayed linearly, but transitioned to a
non-linear decay reaching a steady state intensity of ~10% of its initial signal by the end
of sequence 2.

This constant ECL intensity trend at the end of sequence 2 was

reproducible over multiple nanowires and suggests that the diffusion of the ECL co131

reactants has reached a steady state—that is, the rate of depletion of reactant(s) is
balanced by the infusion of fresh reactants into the polymer film—further supporting the
hypothesis that analyte depletion is the main source of ECL intensity loss. Importantly,
we also found that between each pulse sequence, the ECL intensity rose, indicating that
analyte is replenished during times when no potential was applied to the system. Thus,
the analyte-depletion appears to be a potential-dependent phenomenon, associated with
times when an oxidizing potential is applied.
We next tried to understand the origin of the signal loss in terms of the different
reactants. If we look at the weak, but measurable, ECL intensity associated with the ITO
portion of the sample (away from the gold nanowires), we find that the ECL intensity is
roughly constant over the 10 potential cycles within each pulse sequence (Figure 6.18).
This difference in the ECL decay kinetics between the gold nanowire and ITO electrodes
suggests that local depletion of the TPA co-reactant could be primarily responsible for
the observed decay in the ECL intensity on the gold nanowires given that gold promotes
TPA oxidation (Figure 6.3 and associated discussion).41 Since thicker polymer films
allow for higher loading of the TPA, there is a sufficient number of the electro-active
form of the molecule to allow the ECL signal to persist over multiple potential steps.
Future experiments will test this hypothesis, although we must also caution that while the
Ru(bpy)32+ and TPA co-reactant pair has been well-studied in the literature, multiple
mechanisms exist for this reaction and therefore we do not expect this system to follow a
straightforward kinetic model.52
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Figure 6.18. ECL intensity traces of the Ru(bpy)32+/TPA system acquired by potential
steps between 0 V and +1.2 V on ITO coated with 300 nm of PEDOT:PSSPVA for three potential pulse sequences: (sequence 1, black) 10 cycles after
1 hour Ru(bpy)32+ incubation, (sequence 2, red) 10 cycles 3 minutes post
sequence 1, and (sequence 3, blue) 10 cycles 30 minutes post sequence 2.
6.8 CONCLUSIONS
In conclusion, we imaged ECL from Ru(bpy)32+* at single gold nanowires by
coating them with a protective polymer layer, which both concentrates cationic analytes
near the electrode surface and protects the gold from electrochemical damage. Our
experiments are the first in which an electrochemical reaction can be directly visualized
and followed in real time at a single nanoscale-dimension metal electrode without the
need for extrinsic illumination or a scanning probe technique. We are able to confirm
that the nanowires are responsible for the observed signals given the excellent agreement
between the shape, size, and orientation of the nanowires in the dark-field and ECL
images. Moreover, we are able to address individual nanowire electrodes and compile
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statistics on the number of nanowires that show ECL activity compared to those that are
inactive, a measurement that cannot be easily performed with traditional electrochemistry
techniques. We have also shown that PEDOT:PSS-PVA, an inexpensive and easily
adaptable protective layer, protects nanoparticles from oxidative or other electrochemical
damage that typically occurs when electrodes are shrunk to nanoscale dimensions. The
polymer thickness affected the sharpness of the ECL images and the reproducibility of
ECL intensity over consecutive potential cycles, but did not affect the ability of the film
to protect the nanowires against oxidative or other damage based on the reproducibility of
the ECL signal. Our strategy provides a simple, straightforward means for testing the
stability of nanoscale electrodes in various electrochemical environments at the single
nanoparticle level, and allows for future studies in which the impact of heterogeneity in
nanoparticle electrode shape, size, and composition on the electrochemical properties of
nearby molecules can be explored.
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