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This dissertation describes new advances and applications of single nanoparticle collision
electrochemistry and is divided into two broad sections. First, new methods are described to
overcome longstanding limitations of the collision technique, ranging from expanding the
allowable detection conditions to obtaining more accurate single nanoparticle structural
characterization measurements. For example, Chapter 2 describes a novel strategy to measure
single particle collisions in conditions almost three orders of magnitude more concentrated than
previously attainable. This technique facilitated the discovery of a novel process to measure the
electroactive surface areas of single platinum nanoparticles. Further, Chapter 3 describes an
electrode modification procedure that promotes the adhesion of colliding silver nanoparticles and

facilitates their complete oxidative dissolution. This work vyielded accurate volumetric



measurements for single silver nanoparticles up to 100 nm in diameter, which is improved from
the previous limit of 60 nm.

The second half of the dissertation develops new applications for closed-bipolar
electrochemical imaging, a methodology that enables the widescale mapping of redox
environments with wireless electrode arrays. Chapter 4 demonstrates the first reported optical
detection of short-lived transient events using closed-bipolar imaging in which platinum
nanoparticle collisions catalyzing the hydrogen evolution reaction are employed as the source of
transient electron transfer. Chapter 5 shows progress toward the optical detection of transient
oxidative events using silver nanoparticle oxidative collisions as a model system toward the future
goal of mapping biological exocytosis in-vitro. Lastly, Chapter 6 demonstrates the spatial mapping
of multiple electrochemical processes using a massive array of closed-bipolar electrodes in

conjunction with electrochemiluminescence imaging.
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Chapter 1. INTRODUCTION

1.1  SINGLE NANOPARTICLE COLLISION ELECTROCHEMISTRY

Nanoparticles (NPs) have myriad applications in industry, ranging from serving as
electrocatalysts in electrochemical fuel cells? to use as anti-bacterial agents in consumer
products.® They have advantageous chemical properties including enhanced reactivity over their
equivalent bulk materials given their high surface area to volume ratio.* Yet the properties of each
individual particle can vary from the ensemble response based on their precise physical structure.
Small changes in shape, size, volume, and porosity, can produce unique chemical behaviors.>®
Thus, there remains a demand for analytical methods that can accurately characterize nanoparticles
on a single entity scale.

Electrochemistry is well-poised as an analytical tool quite advantageous to this end due to
its relative ease in detecting current signals from individual nanomaterials. A well-known
electrochemical technique called 'nanoparticle collision' has been thoroughly demonstrated as a
method capable of detecting single nanoparticle electron transfer.®!% The technique biases a bare
ultramicroelectrode (UME) at a potential sufficient to drive a desired redox reaction across a single
diffuse NP interacting, or 'colliding’, with the electrode surface. Measured signal may result from
direct particle oxidation,* NP-driven electrocatalysis, >3 or simply blocking an ongoing faradaic
process.**® Specific applications range from investigating single particle reactivity,®’
incorporation into nanoscale biosensors,'®1° analytical methods for single particle size
determination,?®?! and studies elucidating physical mechanisms describing the NP-electrode

interaction.?223
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In the early days of nanoparticle collision beginning with Bard's seminal papers in 2007,
physical models were created to simulate the behavior of the NP-electrode interaction.?* A
simplistic perspective was initially taken whereby nanoparticles were treated as separate objects
diffusing in solution. While the particle’s movement was treated as a random walk, the average
collision frequency could be predicted using a series of known parameters. These include the
diffusion coefficient of the nanoparticle, D, the bulk concentration of NP's, C, the radius of the
electrode, r, and Avogadro's number, Na. Equation 1 relates these parameters to the rate of

collision, f, and importantly assumes that particles adhere to the electrode upon landing.?

f = 4DCrN, 1)

Thirdly, nanoparticles were treated as perfect spheres to easily estimate expected behaviors, such
as diffusion-limited mass transport to an adsorbed particle and expected particle volume. Overall,
these simplified models provided a strong scaffold to describe the observed collision behavior.
However, problems arose, likely influenced by researchers following these assumptions
without question. For example, in 2011 Compton and co-workers published a seminal work
describing the collision and oxidation behavior of single silver nanoparticles.?® Impacting particles
generated single oxidative amperometric current spikes for what was envisioned as a particle
landing, sticking, and dissolving via full oxidation. Their proposed mechanism precisely followed
the early assumptions by Bard and co-workers, namely that particles followed a simple diffusion-
limited path, adhered to the electrode, and were fully oxidized. With this mechanism in mind, Ag
NP oxidative collisions were reported as a volumetric determination procedure more accurate than

dynamic light scattering for particles >10 nm in diameter.?” A series of follow-up papers were
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subsequently published by Compton and co-workers exploring a vast parameter space varying the
electrolyte identity,?® electrolyte concentration,?® capping agent,®®3! and even other materials
including Ni,®? Cu,®® Au,**%® and organic particles.®**” Importantly, full oxidation was claimed in
all cases for Ag NP's ranging from 10 — 50 nm,?”?8 and even for NP aggregates upward to 150 nm
in one case.®®

In 2017, however, three articles utilizing up to 100x higher temporal resolution
electrochemical recordings instead observed 'multipeak’ collision behavior consisting of rapid
successive small peaks separated by millisecond spacing.*#%4! These findings were indicative of
a more accurate nano-motion mechanism due to the NP rapidly bouncing across the electrode
surface. Simulations have suggested the nanoparticle only contacts the electrode in rapid
nanosecond-scale bursts due to its fast diffusional motion.*>*3 Importantly, the multipeak papers
also reported that particles greater than 50 nm diameter underwent incomplete oxidation due to the
high probability of the NP diffusing away from the electrode before fully oxidizing.

The multipeak papers sparked new interest in the field to better understand the precise
mechanism guiding the NP motion. Research activity continued utilizing both high-resolution
amperometry,'4445 as well as with the incorporation of correlated optical and spectroscopic
techniques providing added spatial and chemical information, respectively.’46-4 Of particular
interest is active discussion regarding the true mechanism for incomplete oxidation of Ag NP's,
keeping in mind that if this can be overcome then a powerful technique exists for Ag NP volumetric
determination for all sizes. While the multipeak papers reported the mechanism was due to the
high probability of partially oxidized particles diffusing away from the electrode, new studies with

correlated microscopy were beginning to show that more factors were at play.
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For example, use of NP-tracking with 3-D holography has shown that the oxidation of a
NP may not commence immediately upon landing.>® More simply, it suggests that physical contact
does not guarantee electrochemical activity. This conclusion was initially doubted since the error
margin for 3-D holography is ~10 nm, making it difficult to definitively state whether the particle
was in contact. Yet, a series of papers from Wang et al. have convincingly demonstrated this same
behavior.®%> They employed nano-objects embedded with a redox-active dye whose
electrochemical activity can be optically measured. They showed that objects resting on electrodes
can maintain such poor electrical contact that electron transfer does not occur. Thus Sun et al.
suggests that the multipeak mechanism could plausibly be a result of a stationary NP oscillating
between active and non-active states via micro-convection.*

We consider one last mechanism that could reasonably prevent full Ag NP oxidation. Both
Compton and co-workers and the multipeak papers assumed that the product Ag* species were
fully soluble in the bulk agueous medium. Yet, a few studies have instead reported that the large
injection of Ag™* into nearby solution forces the precipitation of Ag-salts either directly onto the
particle itself, or onto the nearby electrode. For example, Mckelvey et al. used an adjustable
microgap between two opposing microelectrodes with opposite biases to oxidize a colliding
particle and subsequently reduce the generated Ag*.*® Interestingly, they found that only 50% of
the oxidized Ag NP is released as free Ag*, suggesting the formation of an insoluble complex such
as Ag20. Separately, Sundaresan et al. used DFM-electrochemistry and noticed Ag20 particles
forming several microns away on the electrode surface following the oxidation and dissolution Ag
NPs.>* A direct consequence of Ag-salt precipitation is that a partially oxidized NP can be

encapsulated by insoluble Ag-salts and prevent further oxidation. Such behavior is directly
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reported by Robinson et al., who directly validated this mechanism with the characterization of
encapsulated NPs with transmission electron microscopy.>®

Thus, the achievement of full Ag NP oxidation would require a clever experimental design
that overcomes possible diffusional motion of partially oxidized Ag NPs, improves NP electrical
contact, and prevents NP encapsulation via Ag-salt saturation. In a stroke of scientific serendipity,
as described in Chapter 3, | discovered a simple method to overcome each of these problems with
two experimental adaptations. The method began as a strategy to overcome the issue of Ag-salt
saturation by introducing Lewis bases into the bulk electrolyte solution. Lewis bases form complex
ions with Ag™ and increase the Ag-salt solubility by a factor equivalent to their formation constant,
K. In Chapter 3 | used Na2S203 (Kt = 1.8 x 10%3) thus increasing the Ag-salt solubility by 13 orders
of magnitude. Yet | was pleasantly surprised when | found that Na2S203 also undergoes electro-
oxidation at the same potential required to oxidize Ag NPs, resulting in a thin sulfurous layer
deposited across the Au electrode surface.®® This sulfur layer both adheres colliding Ag NP's and
directly reacts with the Ag as a preconcentrated electrolyte to form Ag2S.

Overall, the sulfurous adhesion layer overcomes the problem of NP diffusional motion at
the electrode, the bulk Na2S203 overcomes the Ag-salt precipitation issue, and the preconcentrated
Ag2S promotes NP reactivity immediately upon landing. Results show a 25x increase in collision
frequency, suggesting that use of a sulfide adhesion layer may overcome issues of reactivity
associated with poor electrical contact. Further, convincing results demonstrate full particle
oxidation up to 100 nm diameter, well surpassing the previous 50 nm threshold, and showcasing

a new methodology for accurate single Ag NP quantitation.



1.2 OVERCOMING NANOPARTICLE AGGREGATION

The next chapter tackles the issue of nanoparticle aggregation, a commonly reported
behavior occurring within diffusion-limited single particle measurements. If we revisit our
mechanistic picture of a particle landing onto an electrode, we have thus far assumed the arrival
of single particles. Yet it is often reported in literature that aggregates, or multi-particle clusters,
may form due to incompatible solution conditions.>”*® Specifically, citrate-capped nanoparticles
rely on maintaining an overall electrostatic negative charge to repel neighboring particles in
solution and thus remain single entities. Neutralization of the particle’s surface charge via either
protonation in pH environments lower than the pKa of citrate (3.13),% or charge screening due to
high salt concentrations (>20 mM) leads to particles adhering to their neighbors and forming large
clusters.® The behavior is instead largely viewed as a negative consequence given that the desired
single particle attribute is no longer maintained. Thus, the detection of diffuse single citrate-capped
nanoparticles is limited to the parameter space bounded by the bulk solution maintaining a pH
greater than 3.13 and less than 20 mM ionic salt. Such conditions are often adhered to, though can
be quite limiting particularly in the study of electrocatalytic nanoparticles considering that their
equivalent industrial environment often extends below pH 1.%°

In Chapter 2 I design a new methodology to enable the detection of NP collision events in
highly concentrated solutions (demonstrated up to 750 mM), without observing significant particle
aggregation.? The technique employs pressure-driven flow to deliver nanoparticles to the
electrode while limiting the duration for which they are exposed to the aggregate-inducing solution
to a few milliseconds. As a result, the available parameter space is vastly widened to include low
pH and highly concentrated solutions. This new strategy has aided in the discovery of a new

methodology to measure the electroactive surface area of single Pt NPs. High resolution
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amperometric measurements revealed a new peak shape due to the temporal resolution of the two-
step hydrogen evolution reaction. Quantitation of the first adsorption peak yields electroactive
surface area measurements for single particles. Results suggest that more accurate surface area
values are obtained for measurement in higher acid concentrations, previously unattainable

without the newly developed pressure-driven methodology.

1.3 CLOSED-BIPOLAR ELECTROCHEMICAL IMAGING

In Chapters 4-6 we pivot towards talking about an entirely different electrochemical topic,
known as closed-bipolar electrochemical imaging (c-BPI). A closed-bipolar electrode (c-BPE) is
composed of a conductive material embedded in an insulating membrane whereby both poles of
the conductor are exposed to separate solutions.®?> The c-BPE is wirelessly addressed such that
potential is applied across two driving electrodes positioned in each solution, but not in direct
contact with the conductor. The potential drop occurs predominantly at the c-BPE interface and
couples complementary half reactions at both poles.®® The electrons generated at the oxidative pole
are transferred directly across the c-BPE to fuel the complementary reductive process. Thus,
equivalent amounts of both redox reactions occur to complete the circuit.

The same experimental setup employed for a single c-BPE can be extended toward arrays
with n c-BPE's positioned in parallel. The same principle applies whereby complementary half
reactions are driven at each individual pole since the potential drops across each of them uniformly.
However, given that the current is measured at the two driving electrodes, any individual signals
measured by each of the n-electrodes is aggregated to a single electrochemical trace. Instead, single
electrode spatial resolution within c-BPE arrays is facilitated using a redox-induced light
generating reaction. For example, an oxidative process of interest could be coupled to a reductive

light generation mechanism on the opposite pole. Individual recording channels for each electrode
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are created in the corresponding microscope video, measured as light generated over time at each
individual electrode position. Thus, the power of c-BPI is that potential applied across a single set
of driving electrodes can wirelessly enable the recording of thousands of individual channels
separated in space.

The two common light-generation mechanisms employed in literature are that of redox-
induced fluorescence and electrochemiluminescence (ECL). Redox-induced fluorescence
typically "turns-on" a fluorophore with the application of potential, transforming a non-fluorescent
precursor to a fluorescent species.% It is quite advantageous due to its high sensitivity, where a
single fluorophore can emit many photons upon stimulation with its excitation source. Given that
specialized optical methods can measure single fluorophores,® the limit of detection (LOD) for
the c-BPI could in theory be extended toward the single electron transfer level. However, one
significant drawback is the unbound mass transfer of the fluorophore following its production.
Diffusional overlap of fluorophores in array-based imaging schemes can complicate the
interpretation of deciding which electrode generated which signal.®® Instead, fluorophores should
ideally be localized to their generation electrode. Both our lab and others are currently in active
development of strategies to overcome this issue.

ECL is the second common light generation mechanism employed in c-BPI. The present
discussion will focus on anodic ECL, however, cathodic ECL is described in Chapter 5. Anodic
ECL proceeds through a multi-step radical mechanism requiring a luminophore Ru(bpy):** and a
co-reactant.®” The selected co-reactant needs to generate a strong reducing agent upon
electrochemical oxidation, which will react with the oxidized Ru(bpy)s®* species to form an
unstable radical that emits a single photon upon relaxation. While there are many identified co-

reactants, including tripropylamine, and 2-(dibutylamino)ethanol (DBAE),% the work herein
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utilizes DBAE due to its superior light-generation properties.® The multistep radical light-

generation mechanism between Ru(bpy)s?* and DBAE is shown below.”

Ru(bpy)s** - & — Ru(bpy)s** 1)

DBAE - ¢ — [DBAE]* (2)

[DBAE]" — DBAE + H* (3)
Ru(bpy)s®* + DBAE' — Ru(bpy)s®*” + products (4)
Ru(bpy)s?*™ — Ru(bpy)s®* + hv (5)

ECL is advantageous in c-BPI with regards to its spatial resolution given that only a single
photon is emitted directly at the electrode surface whereby proper chemical mixing occurs. The
mechanism does not allow for diffusional broadening as in redox-induced fluorescence. However,
its main limitation is its relative lack of sensitivity. Not all oxidized species meet their complement
in solution and thus consume electrons without light generation. The ECL efficiency (# of photons
generated / electron transferred) is estimated as 0.05 for Ru(bpy)s?*.6” Meaning a mere 5% of
electrons transferred generate a single photon, making ECL orders of magnitude less sensitive than
fluorescence.

Array-based c-BPl was initially developed by our lab in 2012, by the name of
"Fluorescence Enable Electrochemical Microscopy” (FEEM). Our lab and others have
previously used the technique to spatially map heterogeneous redox environments such as in the
3D mapping microelectrode diffusion layers,’”> measuring electrocatalytic activity,’* and detecting
cellular respiration of MCF-7 cell spheroids.”

Yet, the analytical goals of the technique had long been to extend its sensitivity to be the

same (or better) than that of classical electrochemical measurements. Quantitation in
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electrochemistry is limited by its shot noise,”* whereas ¢c-BPI could in theory measure single
electron transfer via the detection of singly generated fluorophores. The first step in this process
was to bridge the gap from long steady-state measurements, as previously described, toward the
detection of rapid current transients as they appear in both nanoparticle collision events and
biological systems. Given that the nanoparticle collision transient current signal is easily tunable
with particle diameter and solution condition, it can be used as a model system to explore the LOD
of c-BPI under various optical configurations.

The detection of quick nanoparticle collision events is indeed quite trivial when measured
electrochemically, yet when extended to the c-BPI system it becomes a challenging task, given
that the recording mechanisms are fundamentally different. The electrochemical recordings in
Chapters 2 and 3 are sampled at 100 kHz, giving 10 pus temporal resolution. Current is reported as
the rate of electron flow at any 10 us time interval. Adjusting the sampling rate does not influence
the measured current, but rather only influences the resolution at which it is output. However, the
recording mechanism for optical channels is fundamentally different. Instead, the camera outputs
the sum of the photons per exposure time between optical frames. Thus, changing the sampling
rate directly influences the measured signal, whereby a faster frame rate (increased temporal
resolution) produces inversely lower sensitivity (photons per image).

In Chapters 4 and 5 | further explore this imaging dichotomy with the use of nanoparticle
collisions as a model system to explore the detection of transient optical events with c-BPI.
Specifically, Chapter 4 demonstrates the successful detection of sub-second transient cathodic Pt
NP collision events coupled to anodic ECL across a single bipolar microelectrode.” The work
demonstrates the first time that current transients have been measured using the c-BPI approach.

Chapter 5 utilizes Ag NP oxidation as a model system towards the detection of transient oxidative
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events, similar in size to biological events of interest. Here, | investigate two different cathodic
light generation mechanisms and their limitations as they are extended to the c-BPI system.
Chapter 6 lastly describes the collaborative efforts pursued with Todd J. Anderson whereby we
design electrochemical imaging experiments to showcase the power of his newly fabricated
microelectrode arrays containing over 146,000 electrodes in a 1 cm? area.’”® Emphasis is given
from the experimentalist's point of view to highlight features of array design that should be

considered to create a usable product.
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Chapter 2. TEMPORALLY-RESOLVED ULTRAFAST HYDROGEN
ADSORPTION AND EVOLUTION ON SINGLE
PLATINUM NANOPARTICLES*

2.1 INTRODUCTION

Metal nanoparticles (NPs) have been intensively studied over the past decades due to their
unique electrocatalytic properties.? Platinum NPs, in particular, have superior catalytic activity
over many other materials for the hydrogen evolution reaction (HER),® supporting their use in
electrolyzers for hydrogen generation as a clean energy source.* Previous research has shown that
the electrocatalytic activity of single NPs can deviate from their ensemble activity due to structural
influences, including size,® shape,®’ porosity,®° and abundance of edge versus planar surfaces.?
While many attempts have been made to synthesize monodispersed NPs,'1213 it can be
challenging to yield accurate structure-function information using NP ensembles due to minute
structural differences. Alternatively, many groups have studied electrocatalytic behavior of single
NPs using probe-based methods and NP collision electrochemistry. Probe-based methods such as
scanning electrochemical microscopy (SECM),!*1> scanning ion-conductance microscopy
(SICM),*81" and scanning electrochemical cell microscopy (SECCM),*®1° have limited temporal
resolution due to the need to precisely position and scan the probe and require the use surface-
immobilized NPs. Instead, methods based on single NP collisions have emerged as high-
throughput techniques to characterize electrocatalytic activity of freely diffusing NPs.

The method of electrocatalytic amplification (EA), first reported by Xiao and Bard,? has

been used to probe single NPs for various redox reactions including proton reduction,?:222% oxygen

*This chapter is adapted with permission from:
Defnet, P. A.; Han, C.; Zhang, B. Temporally-Resolved Ultrafast Hydrogen Adsorption and Evolution on Single
Platinum Nanoparticles. Anal. Chem. 2019, 91, 4023-4030. Copyright (2019) American Chemical Society.
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reduction,?* hydrazine oxidation,>?27 and others.?32%30 Traditionally a simple diffusion-based
apparatus is used in which NPs are injected and allowed to diffuse freely in bulk redox solution.
Upon collision with an inert ultramicroelectrode (UME), they catalyze the redox reaction, resulting
in an enhanced current signal. The catalytic signal may be related to the holding potential, size,
and catalytic activity of the NP, the redox concentration, and its diffusivity. Traditional EA method
is often limited to the use of low concentrations of both redox species (e.g., a few mM) and
supporting electrolyte due to NP instability when exposed to high ionic strength solutions.?® The
presence of aggregated NPs may cause uncertainty and complexity in data interpretation. It has
been suggested that citrate-capped Pt NPs are only stable in acids below 1 mM?! and in electrolyte
solutions of mild salt concentrations.?

In this work we use a method called the “microjet collision system” to study the HER
process across single Pt NP collisions in acid concentrations as high as 3 M ([H*]~750 mM on the
electrode, vide infra) without observing significant NP aggregation. The system uses a pressure-
driven flow to deliver Pt NPs from a glass micropipette onto a detecting carbon-fiber
microelectrode (CFE) placed ~10 um away. NPs are exposed to the aggregate-inducing acid
environment for < 1 ms, compared with seconds to minutes spent in previous diffusion-based
system. The limited solution exposure permits continuous recording of thousands of collision
events in concentrated acids.

Our microjet setup is derived from Macpherson’s microjet electrode originally developed
in 1994.3! Macpherson,®23 Unwin,* and Compton® had developed the use of the microjet
electrode for studying fast electron-transfer rate constants. Application of a similar wall-jet system
was used to study Pt NP collisions and hydrazine oxidation in 2016 by Jiang et al.* Their study

focused on the effect of convection on collision dynamics and did not explore the use of the pipet
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to circumvent NP aggregation. They also used hydrazine solution conditions commonly reported
in the literature for NP collisions.?”%’

Here, we used the microjet collision system to generate rapid, consistent, and repeatable
single-particle collision results in HCIO4 with effective [H*] from 1 to 750 mM on the electrode,
which is 2 orders of magnitude more concentrated than previously reported.?* With this system,
we have resolved the ultrafast hydrogen adsorption process from hydrogen evolution in HER
across individual Pt NPs. We measure a fast (~50 ps) spike, followed by a slow, seconds long
decay in an apparent separation of the two processes, enabled by their disparate Kinetic rates.

Previous reports have demonstrated the resolution of hydrogen adsorption and evolution
reactions with potential scanning on Pt electrodes,*%%40 and with a unique carbon-supported
electrodeposited Pt nanocrystal system reported by Kucernak et al.*! One drawback of Kucernak’s
system, however, is the need to use larger particles, e.g., >72 nm, due to an insufficient
current/noise ratio on smaller particles. Moreover, it requires a time-intensive fabrication process
to study a single particle.

In our present work, we use the measured hydrogen adsorption charge to calculate the
electroactive surface area (EASA) and roughness factor of single colliding Pt NPs. We also derive
the kinetic parameters k° , K° , and o from our hydrogen evolution steady state currents. Overall,
we demonstrate a clear advantage for single NP characterization with the use of concentrated redox

solutions and the NP collision technique.
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2.2 EXPERIMENTAL SECTION
221 Chemicals and Materials

The following chemicals were used as received from the manufacturers. Perchloric acid
(HCIQ4, Sigma-Aldrich, 70%), sodium perchlorate monohydrate (NaClO4-H20, Fluka, >99.0%),
ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%), potassium chloride (KCI, Fluka, >99%),
potassium ferricyanide (KsFe(CN)s, Mallinckrodt, >99%), sodium citrate dihydrate (Baker,
>99.0%), citrate-capped Pt NPs with diameters 30 + 3 and 50 + 4 nm dispersed in 2 mM sodium
citrate (NanoComposix), and citrate-capped Pt NPs with diameter 70 + 4 nm dispersed in 4 mM
sodium citrate (NanoComposix). All solutions were prepared with 18.2 MQ-cm™ deionized water
from a Barnstead NANOpure water purification system (ThermoScientific). Perchloric acid
solutions ranged from 5 mM to 3 M with constant 20 mM NaClOs electrolyte. (Caution:

concentrated perchloric acid solutions are highly corrosive and should be handled with care.)

2.2.2  Fabrication and Characterization of Microelectrodes and Micropipettes

CFEs were prepared by modifying the procedure of two previously reported methods.*>4
A 5 um diameter carbon fiber (Besfight G40-800) was aspirated into a glass capillary (1.2 mm
0.D./0.69 mm I.D., Sutter) and pulled into two separate tips on a Sutter P-97 puller. Silver epoxy
(Dupont) was used to connect a tungsten wire to the fiber inside the pipet. Epoxy was used to hold
the tungsten wire in place. Excess carbon fiber protruding from the electrode tip was cut until flush
with the pulled glass tip, dipped in epoxy (Epo-Tek 301) for 10 min and then allowed to set at 80
and 150 °C each for 2 h. Electrodes were beveled to a 45° angle using a home-built microelectrode

beveler. CFEs were characterized using cyclic voltammetry from -400 to +700 mV versus
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Ag/AgCl in 1 mM FcMeOH and 100 mM KCI. Only electrodes with stable i-V curves were used.
A fresh surface was exposed by beveling the CFEs before and after each collision experiment.

Glass micropipettes of ~3 um diameter orifice were prepared by pulling borosilicate glass

capillary tubes (1 mm 0O.D./0.5 mm I.D., with filament; Sutter, BF100-50-10) on a P-97 puller.

The following two-line program was used: heat = ramp value, pull = 0, velocity = 30, time = 250;

heat = ramp + 10, pull = 70, velocity = 30, time = 250. A scalpel was used to trim pulled pipet to

the desired size.

2.2.3  Nanoparticle Characterization

Transmission electron microscopy (TEM) imaging was performed on a FEI Technai G2
F20 TEM operating at 200 kV with a single tilt sample holder. The 30, 50, and 70 nm Pt NPs were
drop-casted onto carbon-coated Formvar copper TEM grids (Ted Pella, Inc.) for TEM imaging.

TEM images were used to characterize the size distribution of the NPs.

2.2.4  Microjet Collision System Setup and Signal Processing

A Petri dish containing the bulk acid solution with concentrations ranging from 5 mM to 3
M HCIO4 and 20 mM NaClO4 was placed on an Olympus IX71 inverted microscope stage. A
micropipette was filled with Pt NPs, connected to a Femtojet microinjector (Eppendorf), and
attached to a micropositioner so that the orifice was dipped in the acid and positioned at a 45°
angle. Stock NP solutions containing concentrations of 300, 55, and 20 pM for the 30, 50, and 70
nm NPs, respectively, were used unless otherwise stated. The CFE was connected to a separate
micropositioner directly opposite from the micropipette’s position. The position of the

micropipette and the electrode were adjusted until both were in focus using a 20x (0.4 NA Olympus
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LCPIanFI) objective and were approximately 10 um apart facing each other. See Figure 2.1A for
reference.

A constant pressure of 1 PSI was applied with a constant 10 um pipet-electrode distance,
unless otherwise stated. Due to the displacement of acid from the ejected NP and citrate solution,
the effective acid concentration on the electrode surface was ~25% of the bulk concentration under
these pressure and distance conditions. See Figure 2.10 for more details. All acid concentrations
mentioned hereafter are effective surface concentrations on the electrode.

Peaks containing a singular spike and possible slow decay were accepted. Some peaks were
broadened and of lower amplitude due to repeated NP collisions prior to sticking. These multipeak
collision events were about 10% depending on particle size. Because we focus on hydrogen
adsorption and evolution on fully adsorbed Pt NPs, these events were not considered for analysis
in this work. Additionally, less than 5% of the peaks were distinctly larger than the rest, indicative
of particle aggregation, and were also not used for analysis. Despite the small remaining overlap
between the hydrogen adsorption spike and the hydrogen evolution steady state displayed in Figure
2.2A, the adsorption spikes were integrated back to the baseline to quantify their full charge.

All data reported in Appendix 2.1 are represented as the average + one standard deviation.
The error bars on the plots also represent the average * one standard deviation. The method for
extracting kinetic parameters are explicitly outlined in Appendix 2.2 and follows procedures

recently published by Luo et al.*

2.25 Electrochemical Measurements

The CFE was held at a constant potential ranging from -200 to -800 mV versus Ag/AgCl.
Its current was recorded with an Axopatch 200B amplifier (Axon Instruments). The current signal

was sampled at 100 kHz using a 1322A digitizer (Axon Instruments) and filtered at 10 kHz with
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an internal low-pass Bessel filter. Amperometric data were recorded using Axoscope 10.0 software
(Molecule Devices) and analyzed with Clampfit 10.4 (Molecular Devices). All electrochemical
experiments were performed in a home-built, grounded faraday cage. An Ag/AgCl quasi-reference

electrode was used for all experiments reported herein.

2.3 RESULTS AND DISCUSSION
2.3.1 NP Recording with the Microjet Collision System

We used the microjet collision system to measure single NP collision under low pH, high
ionic strength conditions. As shown in Figure 2.1A, Pt NPs are housed in a micropipette, dispensed
under pressure-driven flow through the bulk solution and land on a CFE probe positioned 10 pm
away. With a pressure of 1 psi, the estimated time it takes for the NP to travel across the pipet-
electrode gap is 0.8 ms (see Appendix 2.3 for more details). This contrasts with the traditional NP
collision setups, where NPs freely diffuse in solution for tens to hundreds of seconds before
colliding on the electrode. The minimal exposure to aggregate-inducing solution conditions is the
key to the collection of thousands of single NP collisions in highly concentrated redox solutions.
Moreover, it helps to preserve the freshness of the NP surfaces by greatly reducing possible
contamination prior to collision on the electrode. As Scherson and Tolmachev have described, the
surface of a nanometer-scale electrode or particle can be quickly contaminated when exposed to
even trace amounts of organic impurities.* Jerkiewicz et al. has also reported that trace halides
may foul Pt surfaces*® and mitigate HER kinetic rates.*’

Figure 2.1B shows an example of a i-t trace recorded at -400 mV on a5 um CFE in 25 mM
HCIOa4 using the microjet system. Each peak corresponds to a single 30 nm Pt NP landing on the

electrode and catalyzing the reduction of protons (H* + e” = Hags, vide infra). Hundreds of collision



29
events were collected within tens of seconds and contain consistent peak shape, suggesting that
these events are free of NP aggregation. The average collision frequency seen in Figure 2.1B is
about 10 Hz. As a comparison, Figure 2.1C shows an i-t trace collected also at -400 mV in the
classical diffusion-driven collision apparatus in 25 mM HCIOa. Since the acid concentration is
well above the 1 mM aggregation limit, suggested by Liang and co-workers,?* symptoms of
particle aggregation are seen, including a decay in collision frequency and an increase in peak
amplitude over time. Variable peak size is even observed within the first 20 s after NP injection.
This comparison highlights the advantage of the microjet system for obtaining more reliable NP
collision data in concentrated redox solutions.

Further experiments describing the method validation of the microjet experiment can be
found in Figures 2.7-2.10, demonstrating that each peak is due to a single collision, that the NPs
stick to the electrode independent of applied pressure, and an analysis of the effective H*
concentration on the electrode surface while considering solution displacement due to the ejected
NP solution from the microjet. Due to the low electrocatalytic activity of carbon, the proton
reduction current on the recording carbon electrode is quite minimal. As such, NP collision is

primarily driven by a pressure-driven flow from the glass pipet and by diffusion.

2.3.2  Separation of Hydrogen Adsorption and Evolution on Single Pt NPs

We used the microjet system to study the HER on single colliding Pt NPs under various
concentrations, potentials, and NP sizes. Interestingly, we observed a new peak shape consisting
of a fast (< 100 us) current spike followed by a slow (seconds long) decay. We sought to determine
the physical mechanism of the fast spike and slow decay processes.

We first studied the peak shape under potential-dependent conditions. As shown in Figure

2.2A, a fast spike that decays immediately back to baseline is generated from potentials ranging
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from 0 to -400 mV. At further reducing potentials ranging from -500 to -800 mV, however, the
same fast spike is observed, except instead of immediately returning to baseline, it is followed by
an increasingly severe slow decay process.

We further studied the effect of H* concentration ranging from approximately 1 to 750 mM
over the -400 and -700 mV potential values. In Figure 2.3A, we observe that the -400 mV fast
spike becomes increasingly faster and taller as the proton concentration increases. In Figure 2.3B
we also observe that the -700 mV fast spike becomes progressively faster and taller as the proton
concentration increases, in a nearly identical way. We further note that the slow decay process
becomes increasingly severe as the concentration increases.

We believe that the known mechanism of the HER on Pt surfaces explains the occurrence
of this unique fast spike and slow decay peak shape. Illustrated in Figure 2.4A, reduction of protons

proceeds through the following three steps on Pt:*8

Volmer Step:

H* + e = Hads 1)
Heyrovsky Step:

H* + Hags + & = H2 (q) 2)
Tafel Step:

Hads + Hads = H2 (Q) 3)

where H* denotes protons in the bulk, Hags is surface-adsorbed H atoms, and Hz (g) is the H2
molecules evolved from the Pt surface. Upon initial collision, protons are quickly reduced onto the
NP surface forming a monolayer of Hags. If the applied potential is further increased in the negative
direction, hydrogen evolution may occur through two possible processes, where either one Hads

combines with one H* and an electron to form H2 (the Heyrovsky step) or two Hads combine to
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form Ha (the Tafel step). It is known that the hydrogen adsorption step is very rapid, whereas
hydrogen evolution is the rate-determining step across Pt surfaces.*®

We believe that the fast current spike is due to the initial hydrogen adsorption process (the
Volmer step, H™ + e~ = Hadgs), while the slow decay is due to the hydrogen evolution process. At
potentials ranging from 0 to -400 mV there is insufficient overpotential to drive the evolution
reaction, and therefore the hydrogen adsorption will proceed until the entire Pt surface is covered
by a monolayer of Hads (Figure 2.4B). The fact that the current spike returns to the baseline also
suggests that it is likely due to a self-limiting process, which supports this hypothesis. When the
potential is moved to the -500 to -800 mV range, the initial hydrogen adsorption and subsequent
evolution processes both occur and are temporally resolved from each other (Figure 2.4C). We
note that we will evaluate the possible overlapping electrochemical processes later in the
manuscript in our discussion of electroactive surface area determination.

While the fast hydrogen adsorption spike is distinguishable from the slow current decay,
some overlap remains evident, as can be seen in Figure 2.2A. However, we found that the charge
generated by the hydrogen evolution process during the fast (<100 ps) adsorption spike is minimal
across increasingly negative potentials (Figure 2.2B), as evidenced by the charge limit approached
at -600 mV for 30 nm NPs. This result demonstrates sufficient resolution of the two overlapping
processes and suggests that complete monolayer surface coverage is obtained at around -600 mV.
Previous literature supports this idea where a full hydrogen adsorption monolayer coverage is not
reached until the overlapping hydrogen evolution process is also occurring.®® Similar results were
obtained for 50 and 70 nm Pt NPs, as shown in Figure 2.11B. Figures 2.2C, 2.11C, and 2.11D
demonstrate that the duration of the hydrogen adsorption event for 30, 50, and 70 nm NPs,

respectively, becomes progressively faster with increasing potential.
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We also determined the effect of acid concentration on the charge and duration of the
hydrogen adsorption spikes at -700 mV. We found that the adsorption charge reaches a maximum
value at 12.5 mM proton concentration (Figure 2.3C), suggesting that the particle reaches its
maximum hydrogen monolayer coverage at and above this value. At lower acid concentrations,
the rate of proton adsorption is not fast enough to reach maximal surface coverage prior to
hydrogen evolution. Interestingly, the duration of these adsorption events reaches a minimum 40
ps also at 12.5 mM concentration and above, as shown in Figure 2.3D. The 40 ps value approaches
the 33 ps theoretical limit of the fastest event measurable using a 10 kHz low-pass instrumental
filter, as was used in this work. This suggests that the true hydrogen adsorption process may be
even faster than measured.

The separation of the two mechanistic steps of the HER across Pt NPs is likely due to use
of the 10 kHz low pass instrumental filter. We explicitly explore the effect of applied filter
frequency in Figure 2.12 and can mimic previously reported results, absent of the <100 us
hydrogen adsorption spike, by applying a lower filter frequency of 1 kHz. This finding is consistent
with recent NP collision studies, where the use of higher bandwidth recording allows the temporal
resolution of multipeak collisions on silver NPs 51253

We last examined the charge transfer properties of single Pt NPs catalyzing the HER as a
means to demonstrate that the kinetic parameters k° , K°, and « can be derived for citrate-capped
Pt NPs using our NP collision methodology. To this end, we followed a procedure recently
published by Chen and Luo.** As thoroughly described in Appendix 2.2, we plotted the HER
current at various potentials (Figure 2.5A), fit a nonlinear regression using Equations 7-9, and
extracted kinetic parameters from the fitting protocol. The HER current was best fitted using the

Heyrovsky model suggesting that it is the rate-limiting step in the entire HER process. We also
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note that platinum (100) and (111) surfaces follow a Heyrovsky rate-limiting step mechanism for
the HER.>* The standard rate constant (k% and the charge-transfer coefficient (o) of the Heyrovsky
step, and the equilibrium constant for the Volmer step (K°) were extracted with values of k® = 2.58
x 10% £ 1.2 x102m/s, K°=556 x 10°+ 3.7 x 108 mM™, « = 0.77 £ 0.15. The k° and « values
are consistent with value reported for Pt nanoelectrodes, whereas the K° value is approximately 2
orders of magnitude greater.* Despite this difference, we also found that the value of K° does not
significantly impact that fitting curve when it is greater than 5.0 x 10° mM™ | since the an+ term
at 25 mol/m?® dominates its contribution. In fact, the determined value of K° only becomes relevant
at approximately uM concentrations of H*. This suggests that the rate of hydrogen adsorption on
the Pt NPs is sufficiently fast to negligibly impact the hydrogen evolution current in the studied

mM acid concentrations.

2.3.3  Calculating the Electroactive Surface Area of Single Pt NPs

Our ability to resolve the hydrogen adsorption process enables us to calculate the
electroactive surface area (EASA) and roughness factor (Rr) across single Pt NPs. This calculation
is nearly identical to the extensively studied hydrogen-underpotential deposition (H-UPD) for
EASA determination of Pt electrodes.* If we assume that one hydrogen atom is adsorbed across
each surface Pt atom, then the measured hydrogen adsorption charge (Qm) can be converted to
EASA using the known charge density of hydrogen across a single monolayer of polycrystalline
Pt (210 puC/cm? ; Cmi).>® We acknowledge that the value of 210 uC/cm? does not consider the
possibility of the citrate capping ligand blocking some of the active Pt surface sites on the NP. We
would expect a smaller charge density of adsorbed hydrogen if this blocking effect had been
considered, although to the best of our knowledge, a more appropriate charge density considering

ligand effects has not been reported in literature. Therefore, the electroactive surface areas derived
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in this manuscript may represent an overestimation from their true value due to the use of 210
nC/cm? for CmL. As shown in Equation 4, the surface coverage (6+) must also be considered, where
it has been estimated that approximately 92% of surface Pt sites are accessible to hydrogen
adsorption.>® Table A.2.2 shows the calculated EASA values from the measured hydrogen

adsorption charge limits identified in Figures 2.2B and 2.11B across 30, 50, and 70 nm Pt NPs.

EASA =

4
HHCML ( )

We further calculated the electrochemical roughness factor (Rr) across single citrate-capped
Pt NPs. The Rr value quantifies the surface roughness of an electrode as it deviates from its
predicted atomically smooth geometry. Reports of Rt values range from 2 to 3 for well-polished Pt
electrodes*® and can be 200-500 for nanostructured, electrodeposited Pt structures,® both
characterized using bulk H-UPD methods. The R value was calculated using Equation 5, where
the measured charge (Qm) was divided by the predicted hydrogen adsorption charge assuming a
perfectly spherical geometry (Qg) with diameters of 30, 50, and 70 nm. The Rt values are given in
Table A.2.2 and range from approximately 10 to 17. These values are reasonable given that the Pt
NPs have mesoporous structure and are visibly rough in their TEM images (Figure 2.6). Again,
since our Pt NPs were citrate capped, we might expect the Qm and Rt values to be underestimated

due to the possibility of citrate ligands blocking some of the electroactive surface sites on platinum.

Ry =—= (5)
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We determined the experimental error of the calculated EASA and Rt values by considering

charge contributions of overlapping electrochemical processes including capacitive charging, and
the oxygen reduction reaction (ORR). The capacitive charging contribution was calculated by
assuming a 20 uF/cm? double layer capacitance for a smooth, spherical 30 nm NP undergoing a
0.5 V change upon collision.®®>® This contributes 0.28 fC, accounting for 0.4% of the total 61.4
fC measured charge. The ORR contribution was calculated by assuming a constant 250 uM
dissolved oxygen concentration,®® and steady-state diffusion-limited conditions for dissolved O2
approaching a spherical particle on a planar surface.®* The ORR contributes 2.5 fC over a 100 ps
period, accounting for 4.1% of the overall measured charge. Using the same method, we also
calculated the effect of the ORR on the HER steady state current to contribute to the expected error
for Figure 2.5A. We found that this accounts for 12.4 pA of current at the ORR steady state of ~-
0.6 V,% contributing to a less than 3% error. We further acknowledge that effect of hydrogen
spillover may be present, since it has been reported to occur for Pt supported on carbon.%6:6364
Although we do not have a method to quantify its charge contribution, we expect its effect to be

minimal relative to the total charge measured.

2.4 CONCLUSION

In summary, we have developed the microjet collision system to study single NP
electrochemistry in highly concentrated electrolyte conditions without observing significant
particle aggregation. Here we chose to study the hydrogen evolution reaction in acid
concentrations ranging from 1 to 750 mM. We find that with the application of a high filtering
frequency, we can record a new peak shape consisting of a fast (~50 ps) spike followed by a slow

(seconds long) decay, to which we identify as the temporal separation of hydrogen adsorption and
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evolution processes on a single colliding NP. We demonstrate that these electrochemical processes
are distinguished from each other, which enables the calculation of electroactive surface area and
roughness factor across individually colliding NPs. The use of high acid concentrations is critical
toward obtaining a full adsorbed monolayer of adsorbed hydrogen before overlapping with the
evolution process, enabling a more precise measure of NP size. This report represents an important
advancement in the study of single NP electrocatalysts and toward the broadly applicable ability

to study single NP properties in highly concentrated redox solutions using the NP collision method.
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2.5 FIGURES

1000 pA |

5 sec

Nanoparticle Injection

Figure 2.1. Microjet and Diffusion-Limited Collision Examples.

(A) Schematic of microjet collision setup. Pt NPs are dispensed under 1 PSI pressure through a
bulk acid solution ranging from 5 mM to 3 M acid concentration and onto a 5 pum carbon fiber
electrode surface. Note that due to displacement of the acid from dispensed NP solution, the
effective acid concentration on the electrode surface ranges from 1.25 to 750 mM. (B) i-t trace of
NP collisions recorded with the microjet system at -400 mV, 25 mM HCIO4 effective concentration
on the electrode surface, and 30 nm Pt NPs. (C) i-t trace of NP collisions recorded in a traditional
diffusion-limited apparatus at -400 mV and in 25 mM HCIO4 with 30 nm Pt NPs.
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Figure 2.2. Potential-Dependent Microjet Collision Analysis.

(A) Comparison of microjet collision peak-shapes at various potentials. Peaks were recorded in 25
mM HCIO4, with 30 nm Pt NPs. (B) Integration of the fast Hags spike at various applied potentials
for 30 nm Pt NPs. (C) The half width of the fast Hads Spike at various potentials for 30 nm Pt NPs.
The 'n’ values for (B) and (C) are both equal to 35.
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Figure 2.3. Concentration-Dependent Microjet Collision Analysis.

A comparison of collision events at various concentrations at (A) -400 mV and (B) -700 mV. (C)
Integration of the hydrogen adsorption spike at various HCIO4 concentrations collected at -700
mV for 30 nm Pt NPs. (D) The half width of the fast Hads Spike at various concentrations collected
at -700 mV for 30 nm Pt NPs. The 'n" values for (C) and (D) are both equal to 35.
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Figure 2.4. Proposed Mechanism for Ultrafast Collision Peaks.

(A) Diagram illustrating the proposed mechanism for the fast spike, slow decay observed peak
shape. The Pt NPs undergo hydrogen adsorption upon collision with the electrode, yielding the
fast spike. Hydrogen evolution subsequently occurs if enough overpotential is applied, giving rise
to the slow decay. (B) The fast spike is due to hydrogen adsorption on the colliding Pt NP. (C) The
slow decay is due to hydrogen evolution.
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Figure 2.5. Plot of HER Steady-State Current vs. Applied Potential for 30 nm Pt NPs.

A nonlinear regression method was used to fit the curve with Equation 8, suggesting that the
Heyrovsky step is rate-determining for the HER on colliding Pt NPs. Kinetic parameters of k° =
258 x 107 £1.2x102m/s, K°=556 x 103 3.7 x 10* mM! , and « = 0.77 + 0.15 were
extracted as the three fitting parameters. The values of 'n’ for (A) are equal to 25. (B) The definition
of the hydrogen evolution steady-state current is displayed. It is determined by taking the

difference between the baseline current before the spike and the decayed current value after the
spike.
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Figure 2.6. TEM Images of 30, 50, and 70 nm Pt NPs.

TEM images showing the surface roughness of (A) 30 nm, (B) 50 nm, and (C) 70 nm Pt NPs. The
surface roughness of the 30, 50, and 70 nm NPs were measured to be approximately 10.3 £ 2.0,
14.1+£4.8,and 17.1 £ 1.6, respectively, using the reported microjet collision experiment.
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Figure 2.7. Concentration-Dependent Collision Frequency.

(A) A plot of collision frequency at various nanoparticle concentrations recorded at -400 mV in
25 mM HCIO4 concentration on the electrode surface. A linear correlation indicates that each peak
is from a single nanoparticle. (B-D) i-t traces recorded at -400 mV and 300 pM (B), 60 pM (C),
and 6 pM (D) 30 nm platinum NP concentration inside the microjet pipette.
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Figure 2.8. Cyclic Voltammogram of UME Before and After NP Collision Experiment.

Cyclic Voltammograms of a CFE in 1 mM ferrocenemethanol and 100 mM KCI before (blue), and
after (orange) a microjet particle collision experiment collected at -400 mV applied potential. The
oxygen reduction wave measured here starting at -100 mV is indicative that platinum nanoparticles
have stuck to the electrode surface.
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Figure 2.9. Peak Size vs. Microjet Output Pressure.
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(A) Hydrogen adsorption half width and (B) peak area at various microjet output pressures
recorded at -400 mV with 25 mM HCIO4 on the electrode surface. Since neither peak parameter is
pressure dependent, this provides evidence that the nanoparticles during the fast spike events are
not being pushed off the electrode surface with applied pressure. The ‘n’ values for these data are

over 50.
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Figure 2.10. Effective Redox Concentration on the Electrode Surface.

Here we plot the effective concentration on the electrode surface as a function of applied pressure
from the microjet, investigating the effect of solution displacement on measured electrode
concentration.

Figure 2.10 Discussion.

In this experiment, the microjet was filled with 2 mM sodium citrate, while the bulk concentration
was 700 mM ferrocyanide with 50 mM KCI. A sufficiently oxidizing potential was applied to
oxidize the ferrocyanide and steady state currents were measured at varying different applied
pressures. Identical microjet geometry with 1 PSI pressure at a 10 um distance were maintained
throughout all experiments presented in this report, therefore approximately 25% of the bulk acid
concentration in reported experiments was the effective concentration on the surface of the
electrode. Concentration values in the text are reported as the effective concentration on the
electrode surface.

When a particle lands on the surface of the electrode in the main microjet particle collision
experiments, the mass transfer of the acid to the particle is likely dominated by pressure-induced
convection, rather than diffusion. However, this is accounted for in our control ferricyanide
experiment above, since the same applied pressure profile is influencing the ferricyanide mass
transfer.
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Figure 2.11. Potential-Dependent Microjet Collisions for 50, 70 nm Pt NPs.

(A) Integration of the fast hydrogen adsorption spike at various applied potentials for 50 and 70
nm platinum nanoparticles. The charge approaches -233 fC for 50 nm nanoparticles at -400 mV,
and -554 fC for 70 nm nanoparticles at -500 mV. (B) The half width of the fast Hads spike at various
potentials for 50 nm platinum nanoparticles. (C) The half width of the fast Hags Spike at various
potentials for 70 nm platinum nanoparticles. The ‘n’ value for the 50 nm and 70 nm data is 30.



48

L
.

M{W 5ms

T

Figure 2.12. The Effect of Instrumental Filter Frequency on Peak Shape.

(A) and (B) are representative NP collision peaks recorded on 30 nm Pt NPs in 25 mM HCIO4 at
different potentials and filtering frequencies: -700 mV and 1 kHz (A), -700 mV and 10 kHz (B).
(C) and (D) are peaks collected at-400 mV on 30 nm Pt NPs in 25 mM HCIOa4 in a microjet system
(C) and in a diffusion-based beaker system (D).

Figure 2.12 Discussion.

While previous reports studying HER on colliding NPs do not always specify their filter frequency,
we were able to mimic their peak shapes at -700 mV, absent of the fast spike, with a 1 kHz filter
in diffusion-limited conditions (A).?! By simply applying a 10 kHz filter instead, the fast spike
becomes visible (B). This finding is consistent with recent NP collision studies, where the use of
high-bandwidth recording allows the temporal resolution of multipeak collision dynamics on silver
NPs.%1%2%3 (C) and (D) illustrate the differences between using a microjet and diffusion-limited
systems, respectively. The microjet system generates a peak roughly 3 times faster (Table A.2.1)
in width, demonstrating superior catalytic efficiency likely due to a reduction in the adsorbed
contaminants as described in the main text.
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Appendix 2.1

Tabular Data.

Table A.2.1. Peak Characteristics for Microjet and Diffusion-Limited Collisions.

Microjet Diffusion-Limited
Charge of Hags Spikes (fC) -61.0 £ 8.7 -55.6 £ 9.6
Half Width (ms) 0.077 £ 0.036 0.25+0.14

Average hydrogen adsorption charge and half width recorded at -400 mV in 25 mM HCIO4 and
filtered at 10 kHz. Note that the beaker peak half width is approximately 3 times longer than the
microjet peak half width. Peaks are illustrated in Figure 2.12C and 2.12D. The ‘n’ values for the
microjet data is equal to 35, while the ‘n’ values for the diffusion data is equal to 20.

Table A.2.2. Calculated Electroactive Surface Area and Roughness Factors for Pt NPs.

NPOlamecr | predced | Mesed | Rounes | gpsn g
30 5.94 61.4+11.9 10.3+2.0 3.18+0.6
50 16.49 233.1+79.2 14.1+4.8 12.1+4.1
70 32.33 553.8 + 52.6 171+1.6 28.7+2.7

The measured charge, roughness factor, and EASA values are reported as the average + 1 standard
deviation. We note that 'n' = 35 for the 30 nm data, 'n' = 35 for the 50 nm data, and 'n' = 45 for the
70 nm data.
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Appendix 2.2
Calculation of HER Kinetic Parameters.

Here we will explain how the kinetic parameters k% K° and a were extracted from the
nanoparticle collision data. We explicitly followed the recently published method by Luo et al.**
We first measured the steady state current of the Hevolution reaction by measuring difference between
the baseline current before the collision peak and the decay current following the Hags spike, shown
in Figure 2.5B. The steady state current was averaged for over 25 peaks at each potential condition.
The steady state current, i, was converted to electron transfer current (iet) by subtracting the mass
transfer current (imt) using the Koutecky-Levich equation, shown in Equation 6. Here, F is
faraday’s constant (96,485 C/mol), n is the number of electrons transferred in a single redox
process (1, since Hags has already occurred), Dn+ is the diffusion coefficient of H* in solution (7.8
x 107 cm?/s), Ch+ is the concentration of H* (25 mM), and r is the radius of the nanoparticle (1.5
x 1078 m).

1 1 1 1 1

L 1_ 1 _1_ (6)

ot i imt i 4nln(2)nFDy+Cy+1

The iet values were plotted versus applied potential ranging from -340 to -560 mV, as
shown in Figure 2.5A. Potentials more positive than -340 mV yielded negligible steady state
current values. Potentials more negative than -560 mv yielded currents larger than the imt,
indicating that a second electrochemical process such as water reduction overlapped the HER
current, and therefore these potential values were excluded from analysis.

The curve was then fit using a non-linear regression model with Equations 7-9, and k°, K°,

and « as the three fitting parameters. Here, A is the nanoparticle surface area, a H* is the proton
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activity estimated as Cu+, f is equal to F/RT (F is Faraday’s constant, R is the universal gas
constant, T is the temperature), # is the overpotential, k° is the standard rate constant, K° is the
equilibrium constant for the VVolmer step, and « is the transfer coefficient of the rate-determining

step.

Volmer Step: ioe = NFAkay+exp (—afn) (7

KOK®a? ,exp (-afn)

Heyrovsky Step: let = NFA exp(fm+ Kap+ ®)
K%? 2
_ . 0|~ “Ht
Tafel Step: ler = nFAk [exp(fn)+ KOaH+] ®)

The overpotential, 5, was defined in reference to the thermodynamic potential of the H*/H2
couple at approximately -0.2 V.%* Specifically, # was calculated by adding 0.2 V to the applied
potential at each point.

The ‘Solver’ function in Microsoft Excel was used to fit the curve by minimizing the sum
of the squared residuals. Equation 8 provided the best fit, demonstrating that the Heyrovsky
reaction, was the rate-determining step. Extracted fitting parameters with values of k% = 2.58 x
102 m/s, K®=5.56 x 10> mM™, « = 0.77 were obtained. The generated fit was then overlaid with

the data points, shown in Figure 2.5A.
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Appendix 2.3

Calculation of Time NP Spends in Bulk Solution Before Collision.

This quantitative evaluation directly follows calculations reported by McKelvey et al.®®
The pressure driven flow in a conical nanopipette is related with a volumetric flow rate given by

_ 3mrglAp

10
8ncoto (10)

In our experiments, r’ = 1.5 um is the nanopipette radius, 4p = 1 psi is the applied pressure,
5 is the viscosity (1 x 1073 Pa), and @ is the nanopipette cone angle (set to 10°), which gives Q =
4.83x10712 m%s.

The fluid velocity is spherically symmetric and decreases with the square of the distance

from the orifice, r, the radial component of the velocity can be described by

v(r) = (11)

4mr?

A fair approximation of the delivery time, t, can be obtained through assuming the particle
follows a radial streamline and integrating the analytical expression for v-* from Equation 12.
4m
t= [vidar= (—) 3 12
f v_idr 30 r (12)

When ris 10 um, tis 0.8 ms.
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Chapter 3. COLLISION, ADHESION, AND OXIDATION OF SINGLE
SILVER NANOPARTICLES ON A POLYSULFIDE-
MODIFIED MICROELECTRODE

3.1 INTRODUCTION

Ag nanoparticles (NPs) have been well-studied for many applications including
therapeutics, optical sensors, and consumer products.>2 Variation in size, shape, and volume can
influence their physical properties, including reactivity, and toxicity.>* Accurate size-
characterization techniques are therefore necessary for well-controlled experimentation. However,
traditional methods such as transmission electron microscopy (TEM) and dynamic light scattering
(DLS) struggle to accurately quantify the volume for non-ideal NP geometries, particularly when
irregularities or defects are present.> Electron tomography may alternatively be used; however, this
technique requires long analysis times with expensive instrumentation, thereby making it cost-
prohibitive to measure a statistically relevant number of samples for multiple populations.® Instead,
a rapid and inexpensive electrochemical methodology known as 'nanoparticle collision’ has shown
great promise toward Ag NP volumetric determination via counting the number of Ag atoms
present in each particle.’

NP collision electrochemistry represents a broad field studying the reactivities and
mechanisms for individual NPs interacting with electrodes.2® Ag NP collision was initially
developed by Compton and co-workers in 2011.1° It relies on the use of an ultramicroelectrode
(UME) biased at an anodic potential in dilute electrolyte solution to drive Ag oxidation across
single NPs interacting or ‘colliding' with the electrode. Individual collisions are recorded as sharp,

positive-going amperometric current spikes whose integrated charge quantifies the number of
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oxidized Ag atoms.!! Full particle oxidation provides accurate volumetric sizing, applicable for
providing representative bulk measurements or integration within electrochemical sensors.*2

However, several studies in 2016 demonstrated the incomplete oxidation of Ag NP's over
50 nm in diameter, thereby highlighting the limits of the technique.*> Mechanistic studies
utilizing high temporal resolution amperometry revealed a multipeak signal proposed to be from
NPs rapidly bouncing across the electrode surface.*'° Simulations have suggested that the NP
only contacts the UME in rapid nanosecond-scale bursts due to its fast diffusional motion.*® These
studies utilized neutral electrolyte conditions and cited NP diffusion away from the electrode or
movement to non-electroactive positions as the principle mechanisms preventing full oxidation.'’

The long-standing 50 nm oxidation limit was surpassed by Long and co-workers in 2020
by utilizing an adhesive NP-UME mechanism.'® The authors employed a bare Au electrode in
alkaline phosphate solution such that colliding NPs favorably formed Ag oxide in-situ which
promoted their adhesion. Amperometric peaks with long 20 ms decays were reported due to the
slow dissolution of adsorbed Ag oxide. However, their supporting figures show very broad
distributions of oxidation efficiencies for 65 nm diameter NPs which suggests that only a portion
of the colliding NPs underwent complete oxidation. Similarly broad trailing distributions were
obtained in a separate publication from Long and co-workers utilizing the same electrolyte
condition for 60 nm Ag NPs.%

In the present work, we investigate the influence of Ag NP collision electrochemistry using
an Au electrode pre-modified with an adhesive polysulfide layer in thiosulfate electrolyte. Au
undergoes a unique surface-adsorbed electrochemical pathway in alkaline sodium thiosulfate that

deposits a thin passivating polysulfide film (S°) across its surface, described in Equation 1.2



63

S203+ H20 &SP+ SO4% + 2¢ (1)

The film inhibits further thiosulfate oxidation, yet is only estimated to be a few layers thick, thereby
resulting in a structure that still permits Ag oxidation via electron tunneling.2%-2

The impressive strength of Au-thiol bonds has previously been used to create self-
assembled monolayers (SAMs) from long-chain organic thiols,?? as well as to develop biosensors
from thiolated biomolecules.?® Here, absent of any organic linker, the polysulfide layer serves as
a dual-facing adhesive surface. Sulfur has strong interactions between both the Au electrode and
the colliding Ag NPs,2* with one study estimating the strength of Ag-S bonds as an impressive
25% of the notoriously strong Au-S bonds.? Thus, single Ag NPs which come in contact with the
electrode surface will stick to the adhesive polysulfide film while undergoing electro-oxidation.

Our results suggest that the polysulfide layer directly reacts with Ag NPs to form Ag2S,
thus improving the rate of oxidation over diffusion-controlled systems. Despite the high
insolubility of Ag2S,% the use of bulk sodium thiosulfate as a Lewis base vastly increase the
solubility of silver salts via formation of a metal complex (Kr = 1.7 x 10% for Ag(S203)2*). Ina
direct comparison with control studies, we find up to a 25x increase in collision frequency, 3x
increase in peak amplitude, and more accurate quantitation for 60 nm Ag NPs. Volumetric
measurements are compared between 30, 40, 60, 80, and 100 nm populations sized using NP
collision data and TEM. By acknowledging that TEM overestimates quasi-spherical NP
volumetric measurements, as explained in detail later, our results demonstrate the possibility of
full NP oxidation up to 100 nm diameter. Mechanistic implications are further discussed to explain
the manner in which this simple methodology so dramatically improves the electron transfer

behavior of colliding Ag NPs.
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3.2 EXPERIMENTAL SECTION

3.21 Chemicals

All chemicals were used as received from the manufacturer and include sodium thiosulfate
pentahydrate (Na2S203:-5H20, 100%, Fisher Chemical), sodium hydroxide (NaOH, 98.5%, J.T.
Baker), potassium chloride (KCI, 100%, Fisher Chemical), ferrocenemethanol (FcMeOH, 97%,
Sigma Aldrich), and sodium citrate dihydrate (100%, J.T. Baker). Commercial Ag nanoparticles
with 30, 40, 60, 80, and 100 nm diameters stored in 2 mM trisodium citrate were purchased from
Nanocomposix (San Diego, CA). Solutions were prepared with nanopure water purified to a

resistivity of 18.2 MQ cm™ (Barnstead Nanopure system, Thermo Scientific).

3.2.2  Electrode Preparation

The 25-um diameter Au disc UMEs were fabricated as previously reported.'* Electrodes
were screened for ideal voltammetric behavior using cyclic voltammetry in 1 mM FcMeOH and
100 mM KCI. UMEs were freshly polished with fine sandpaper and rinsed with excess DI water
prior to all experiments. Ag/AgCl quasi-reference electrodes were prepared by immersing Ag wire
(99.99% Alfa Aesar) in bleach for at least 1 hour. All collision experiments were performed with

freshly chlorided and coiled wires.

3.2.3 Instrumentation

Chronoamperometric NP collision traces were collected using a low-noise current
amplifier with an internal low-pass filter of 10 kHz (Axopatch 200B, Molecular Devices) and
digitized with high temporal resolution at a sampling rate of 100 kHz (DigiData 1440b).

Amperometric measurements were recorded within two home-built faraday cages located on a
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vibration isolation table. Each cage was externally grounded and closed. The internal faraday cage
rested on thick 6" foam padding to further isolate vibrations due to movement in the surrounding
area. Amperometric traces were recorded with Axoscope 11.1 software and analyzed using a
custom Python script as described in Appendix 3.1.

Cyclic voltammograms (CVs) were recorded using a LabVIEW program created in-house.
Potential was swept with an external function generator (EG&G Parc Model 175) and high
sensitivity current was measured with a Chem-Clamp current amplifier (Dagan Corporation). CVs
were recorded within a grounded and closed home-built faraday cage resting on top of thick foam

padding.

3.2.4  Single Nanoparticle Collision Experiments

NP collision experiments were performed in 5 mL volumes for each reported electrolyte
condition. The 25 um Au UME and Ag/AgCl quasi-reference electrodes were dipped in the
electrolyte solution and leads applying +600 mV were connected while recording the
amperometric current. In the presence of thiosulfate, the initial current response either produced a
stable baseline or immediately overloaded due to thiosulfate oxidation and subsequent thiol
modification, as shown in Figure 3.2b. The duration of current overload was used to estimate the
reproducibility of the modified thiol layer. It was experimentally found that switching the potential
from 600 mV to 0 V for 30 seconds and back to 600 mV produced a relatively consistent overload
duration of 4-5 minutes. Following the potential pulse and observation of a steady baseline near 0
pA, 300 pL of stock Ag NP's were injected and mixed in the solution. The resulting diluted Ag NP
concentrations for each NP size are displayed in Appendix 3.2.

Control experiments performed in thiosulfate but without the thiol modification were

recorded from traces where anodic current was not observed upon initial potential application.



66
Control experiments without thiosulfate were performed with the same potential pulse procedure,
except the overloading current spike was not observed.

The solution condition of 10 mM Na2S203 10 mM NaOH was selected following parameter
optimization to both avoid NP aggregation and facilitate ease of recording. A more detailed
discussion is included in Appendix 3.3.

We note that all reported electrolyte solutions contained 120 UM citrate due to the presence
of 2 mM citrate within the injected NP aliquot. The solutions used for cyclic voltammetry in Figure

3.1b and Appendix 3.4 were spiked with the same citrate concentration to maintain consistency.

3.25 Nanoparticle Characterization

TEM was performed using a FEI Technai G2 F20 TEM operating at 200 kV with a single
tilt sample holder and Gatan Ultrascan CCD camera. The 30, 40, 60, 80, and 100 nm Ag NP’s
were each dropcast onto separate carbon-coated copper TEM grids (Electron Microscopy
Sciences). The TEM images were analyzed with the 2-D projection method, outlined in Appendix

3.5, to provide an estimated equivalent spherical diameter distribution for NP’s of each sample.

3.3 RESULTS AND DISCUSSION

3.3.1  Thiosulfate Electrochemistry and the Polysulfide Passivation Process

The electrochemistry of alkaline thiosulfate on Au undergoes multiple reaction pathways
depending on applied potential. Previous literature utilizing surface enhanced Raman scattering
spectroscopy (SERS) has revealed the composition of surface adsorbed species under these various
conditions.?”?® Two reaction pathways are of significant interest to the present study. First, the Au
electrode undergoes leaching with the thiosulfate between 0 and 0.1 V vs. Ag/AgCI, thereby

promoting its own dissolution.?” A monolayer of Au sulfide begins to form after long exposure,
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where a fractional coverage of 0.35 was reported after 18 minutes at 0.1 V in 100 mM Na2S203.2’
Second, as the potential is increased beyond 0.45 V, thiosulfate oxidation occurs at the Au
electrode and produces a thin film of adsorbed S-S bonds existing as cyclo-octa sulfur (Ss) or
polysulfide (Equation 1).2° The polysulfide film passivates the Au electrode and inhibits continued
leaching or thiosulfate oxidation.?®

We represent the passivation process schematically in Figure 3.1a and qualitatively
reproduce the cyclic voltammetric results in Figure 3.1b for our thiosulfate NP collision condition.
After scanning the potential from -0.2 VV t0 0.7 V to -0.2 V, we observed that the leaching current
at 0.1 V is almost negligible. The thiosulfate oxidation wave dominates the trace and peaks at 0.36
V with 34 nA and is followed by the expected rapid current decay indicative of electrode
passivation with polysulfide. On the reverse scan, reduction of the film begins at -0.2V.

The sulfide film has been well-studied and has a set of known conditions required for its
formation and stability. For example, the film's generation and electrode passivation is unique to
Au, and specifically does not occur on other commonly used electrode materials including glassy
carbon, Ag, and Pt. Further, its formation via the thiosulfate pathway requires alkaline conditions
to avoid the acidic decomposition of thiosulfate in solution.®® Once generated, the film is relatively
stable at potentials ranging from +0.8 V to -0.2 V vs. Ag/AgCl where its own reduction begins to
occur, as shown in Figure 3.1b.3!

Previous literature suggests that the application of potentials above 0.45 V vs. Ag/AgCI
would invoke thiosulfate oxidation and subsequent electrode passivation. In our amperometric
experiments, thiosulfate oxidation was readily evident by the immediate overloading of the
background current. The overloaded signal would occur for a few minutes before rapidly decaying

back to ~ 0 pA, indicative of electrode passivation. However, occasionally initialization of the
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potential at +0.6 V in 10 mM Na2S203 10 mM NaOH solution did not generate an anodic current.
This phenomenon was also observed in cyclic voltammetry where potential onset at +0.3 V
scanning positively to +0.7 VV sometimes produced a flat signal. Only upon cycling back down
through 0 V was this oxidation wave induced (Appendix 3.4). To overcome this inconsistency in
our amperometric recordings and generate a reproducible polysulfide film, we applied a single
potential pulse between +0.6 V to 0 V to +0.6 V prior to our NP collision experiments. This
modification process generated a consistent overloading background current that decayed back to
~ 0 pA after 4-5 minutes.

It remains unclear as to why sweeping the potential through 0 V is required to consistently
generate the passivating film. We speculate that formation of Au-sulfide nucleation zones may
better anchor the film to the electrode surface, yet this would not explain the absence of anodic
current. It may also be possible that freshly exposed Au following leaching may remove oxide
impurities and be more reactive. Further studies with correlated spectroscopy would be required

to better understand this behavior.

3.3.2  Effects of the Polysulfide Modification on Ag NP Collision.

In Figure 3.2 we demonstrate the qualitative effects of employing the polysulfide
passivation layer on the Ag NP collision results. The trace was recorded in 10 mM Na2S203 10
mM NaOH with 19 pM diffuse 60 nm diameter Ag NPs. The first 22 minutes (Figure 3.2a) were
recorded without the sulfide layer present, evidenced by the absence of anodic overloading current
prior to NP injection; here we observed small infrequent peaks. At 22 minutes (Figure 3.2b) the
potential was pulsed to 0 V for 30 seconds and back to 600 mV to invoke the polysulfide
modification, evidenced by the current overloading for 5 minutes. With the polysulfide layer

present, the NP collision signal was dramatically changed as shown in Figure 3.2c. We observed



69
large rapid peaks with a 9x increase in average collision frequency and 2.5x increase in average
amplitude.

Closer inspection of the non-sulfide peaks reveals single collision events with 3x longer
durations which indicate slower electron transfer kinetics. However, the absence of multipeaks
suggests NP adhesion, possibly bound to interfacial layers of adsorbed thiosulfate?® or sparse
coverage of sulfurous thiosulfate decomposition products.®* Herein, we propose two related
interfacial mechanisms that help to explain the disparate Ag NP collision results with and without
the polysulfide layer present.

One explanation for taller, faster peaks in the polysulfide-modified condition is that
stronger NP adsorption achieved through a greater number of Ag-S bonds leads to improved
electrical connection and faster electron transfer kinetics. Wang and co-workers recently found
that "poor electrical contact” between nano-objects and electrodes can either hinder or eliminate
electrochemical activity on the object.®2® The 9x increase in collision frequency also suggests
more effective NP-UME interactions with sulfide present. Despite the increase, the theoretical
diffusion-limited collision rate is still 12x higher than measured, suggesting that many collisions
were undetected.

A second related mechanism indicates that colliding Ag NPs can directly react with the
polysulfide film to form AgzS. The preconcentrated sulfide serves as a precursor toward the stable

oxidation product, AgzS, as described in Equation 2.

2Ag + S° 5 Ag2S (s) (2)
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The solid AgzS layer formed at the contact position can then react with the bulk thiosulfate to form

Ag(S203)% as a soluble species to enable improved dissolution, following Equation 3.

AQ:2S () + 45205 S 2Ag(S203)2* + % (3)

Recent work by Robinson et al. studied the formation of Ag2S on colliding Ag NPs within
solutions of dilute alkaline HS.?® The high insolubility of Ag.S (pKsp ~ 53.5) resulted in
encapsulation of the core Ag and formed either core@shell Ag@Ag2S NPs or void-containing
Ag/Ag2S NPs, thereby preventing full oxidation. In our experiments, the polysulfide layer serves
to preconcentrate sulfide at the electrode surface to where it can take part in the AgQ2S
transformation. Further, the presence of sodium thiosulfate as a Lewis base vastly increased the
solubility of generated Ag2S by a factor equivalent to its formation constant (Kr = 1.7x10*%) which
may eliminate the precipitated encapsulation effect described by Robinson et al. Our results of
increased peak amplitude with polysulfide present could then be explained by the faster reaction
of Ag with preconcentrated sulfide, relative to the diffusion-limited arrival of electrolyte in the
non-polysulfide condition.

Figure 3.3 introduces results from two more control conditions that were selected based on
their importance to previous Ag NP collision literature. "KCI Control™ was collected with 20 mM
KCl and is meant to be representative of more classical Ag NP conditions which almost exclusively
used neutral single-electrolyte systems.'31%3 "Alkaline KCI" was collected with 10 mM KCI 10
mM NaOH in a similar manner to Long and co-worker's work using alkaline phosphate to generate
Ag-oxide and promote NP adhesion through strong Au - Ag-oxide contacts.*®° Despite our choice

to use chloride instead of phosphate, we still observed similar long peak decay events (~10 ms) in
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Figure 3.3b and Appendix 3.10 which are suggestive of Ag-oxide formation and slow dissolution.
Figure 3.3a shows representative traces of the first 10 minutes under each reported condition with
19 pM 60 nm Ag NPs, while Figure 3.3b shows representative peaks following baseline
adjustment. Averaged collision frequencies and peak amplitudes are shown in Figures 3.3c and
3.3d, respectively.

As shown in Figure 3.3c, the thiosulfate with sulfide condition produces the highest
collision frequency overall, with a collision rate 25.5x higher than the non-adhesive neutral
control. The polysulfide adhesion layer also produces ~ 3.5x higher collision rate than the Ag-
oxide adhesive mechanism described by Long and co-workers. Despite both conditions using an
adhesive mechanism, we believe this result occurs because the Ag-oxide mechanism depends on
the in-situ formation of the adhesion layer between the NP and UME. It is possible that some
collisions do not form sufficient Ag-oxide to promote adhesion, whereas the adhesion layer is
always present in the sulfide condition.

Secondly, we saw that alkaline KCI condition has a 3.3x higher collision frequency than
thiosulfate without sulfide, despite maintaining the same NaOH concentration. This observation
can be explained by considering the Lewis base identity of thiosulfate. The solubility of Ag oxide
is significantly increased in its presence, where the equilibrium constant K (calculated by
multiplying Ksp x Kr) of Ag-oxide in alkaline thiosulfate is 3.2x10° (compared to the value of
1.9x10°® in water®). More complete dissolution of Ag-oxide eliminates its adhesive contacts and
lowers the rate of detected collisions for the alkaline thiosulfate condition in the absence of the
sulfide adhesion layer.

Figure 3.3d compares the average peak amplitude for all data collected under the respective

solution conditions. The peak amplitude is indicative of the flux of transferred electrons and is
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correlated with the rate of electrochemical oxidation. We find that both thiosulfate-containing
electrolyte conditions produces the highest peak amplitudes. This phenomenon is again due to the
extreme solubility of Ag-thiosulfate oxidation products accommodating the massive influx of Ag*
in the solution volume surrounding the NP. The basic KCI condition produced the lowest
amplitude peaks due to the dominant formation of Ag-oxide which reportedly undergoes slow

dissolution.

3.3.3 Effects on Oxidation Efficiency from the Au-Sulfide Modified Electrode.

We next investigated the influence of the sulfide adhesion layer on the integrated charge
for each NP collision event. With Equation 4, the charge (Q) is used to estimate the radius, r, of
an equivalent spherical particle.’® Here, n = 1 electron, A is the atomic mass of Ag (107.87 g mol-

1), F is the Faraday constant (96 485 C mol™), and p is the density of silver (10.49 g cm™®).

1/3

re (437;41:}? p) )

In Figure 3.4, we show the distributions of equivalent spherical NP diameters calculated
with 60 nm Ag NP collision data using the same four control conditions as Figure 3.3. Each
distribution was fit with a Gaussian function using the maximum likelihood estimate (MLE),
where the mean of the fit is labeled on each respective plot.

We find that the Au-sulfide condition produces the largest estimated diameter of 54.3 nm
compared to 51.8 nm for the alkaline KCI control, 48.9 nm for the non-sulfide thiosulfate, and 39.1
nm for the neutral KCI solution. Results suggest that larger oxidation efficiencies are obtained for

conditions that better promote NP adhesion. This idea is consistent with initial multipeak papers
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which cited diffusion of the NP away from the electrode as the main mechanism for incomplete
oxidation.*> Longer residence times on the electrode surface allow for ongoing dissolution of
generated Ag salts and continued Ag oxidation.

One interesting observation from Figure 3.4 is that the distribution of oxidation efficiencies
for the alkaline KCI condition is bimodal. These trailing results toward smaller diameters are
consistent with previous literature for 60 and 65 nm Ag NP's in alkaline phosphate, though have
not been directly discussed.'®'° Here, the larger half of the bimodal distribution is centered at 55.1
nm, yielding results similar to those using the adhesive Au-sulfide condition. However, the smaller
half of the distribution is centered at 33.6 nm and is more similar to the non-adhesive neutral KCI
control condition. Given that oxidation efficiency is related to adhesive strength, these smaller
events may result from collisions that fail to form sufficient Ag-oxide in-situ to promote adhesion,
thereby resulting in quick incomplete events. Nonetheless, the existence of the second distribution
centered at 33.6 nm pulls the MLE Gaussian fit lower to an overall average of 51.8 nm and a less
accurate quantitative result.

In Figure 3.5, we investigate particle sizing results for 30, 40, 60, 80, and 100 nm Ag NPs
using the Au-polysulfide oxidative collision method compared with TEM. We chose to plot data
in terms of probability density fit with the kernel density estimate (KDE) to better show the
distribution shape rather than forcing a symmetrical Gaussian fit. When comparing the maximum
density values of each population, we observe identical equivalent spherical diameters for 30 nm
Ag NPs with more significant deviations for larger particle sizes.

Previous Ag NP collision literature has treated TEM as an accurate volumetric reference
to determine whether full NP oxidation had occurred.'® However, researchers should be cautious

when making this comparison. The process of volumetric sizing with TEM via the 2D projection
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method quantifies the area of a 2D NP slice and uses the measured value to calculate the radius of
an equivalent sphere, as described in Appendix 3.5. Thus, only perfect spheres produce perfectly
accurate volumetric measurements.

An important study by Attota et al. explored the error of the 2D projection method by
simulating 3D NP models of known volume with different degrees of surface roughness and non-
sphericity.® They found that rough, faceted, and oblong NP geometries can have their volume
overestimated by up to 18% using the same 2D projection method applied in TEM data analysis.
Note that a constant percent overestimation leads to larger numerical differences for increased NP
size. While this reference was published in 2016, we emphasize its importance since previous Ag
NP collision papers have treated TEM volumetric sizing as ground truth and expressed the desire
to exactly match these results. This quest is unproductive for large (>50 nm) quasi-spherical Ag
NPs since the application of TEM with the 2D projection method will consistently overestimate
the equivalent spherical diameter. A more realistic strategy would be to compare the percent
difference between TEM and NP collision to ensure that it is within an appropriate error margin.

Indeed, our TEM results in Figure 3.6 and Appendix 3.6 confirm the presence of such
faceted and oblong particles, especially for sizes greater than 40 nm diameter. The percent error
between the maximum density values for our equivalent spherical diameters derived using NP
collisions and TEM in Figure 3.5 exist as 5.1%, 11.3%, 10.4%, and 7.6% for the 40, 60, 80, and
100 nm Ag NP populations, respectively. Since these values are well within the 18% volumetric
error margin of the 2D projection method, it remains possible that full particle oxidation is
occurring. However, given that the error margin is so large, the use of additional analytical
techniques could help to validate this result. One strategy would be to obtain a more accurate

volumetric reference using a method such as electron tomography,>3” but such measurements
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would be prohibitively expensive. Alternatively, correlated imaging strategies may enable
observation of the physical processes which occur subsequent to each oxidative spike.38=3°

Lastly, we observed that our 80 and 100 nm Ag NP collision results in Figure 3.5a show
trailing distributions toward smaller particle sizes, indicative of incomplete oxidation. We believe
the NPs in the trailing population are still adhered to the sulfide layer, due to the long durations of
the events. For example, 100 nm events with less than 65 nm equivalent diameters had mean
durations of 8.6 ms. One proposed mechanism for this process is that large Ag NPs may consume
the local polysulfide adhesion layer and convert it to soluble Ag2S with the aid of bulk thiosulfate.
Eliminating the adhesive contact may then detach the NP and prevent further oxidation. Since the
trailing peaks only account for a small percentage of the total number of events, the variable
thickness of the polysulfide film could account for this inconsistent behavior. Further investigation
with correlated imaging would better validate the mechanism that complicates the complete

oxidation of large Ag NP sizes.

3.4 CONCLUSION

In this work we functionalized an Au electrode with a polysulfide film and investigated the
manner in which this surface modification affected the detection of oxidative Ag NP
electrochemical collisions. The film served both as an adhesive surface for colliding Ag NPs and
as a pre-concentrated source of sulfide which facilitates the production of Ag2S from oxidized Ag.
Rapid NP dissolution was promoted by the presence of bulk sodium thiosulfate which served as a
Lewis base to vastly improve the solubility of Ag2S and Ag*. Preliminary results with 60 nm Ag
NPs suggest the presence of sulfide with thiosulfate resulted in a 25x increase in collision
frequency, 3x increase in peak amplitude, and more complete oxidation. We further applied this

methodology toward quantitative volumetric detection of quasi-spherical 30, 40, 60, 80, and 100
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nm Ag NP populations and found reasonable evidence that full oxidation occurred for all NP sizes.
However, we emphasize that the use of quasi-spherical NPs leads to an over-estimation of TEM
equivalent spherical diameters, an artifact of TEM data analysis that is often overlooked in this
field. Despite full oxidation being predominantly observed for 80 and 100 nm Ag NPs, we propose
that consumption of the local polysulfide layer led to trailing distributions of estimated particle
size. We believe that the use of a non-consumable adhesive layer applied to the electrode surface
may resolve this issue and lead to more uniform and quantitative sizing for large Ag NPs. Lastly,
we expect the observed NP adhesive properties of polysulfide to benefit other NP collision systems

via promotion of more effective NP-UME electrical contact.
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3.5 FIGURES
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Figure 3.1. Surface Modification of Au Electrode with Polysulfide.

(A) A qualitative representation of the mechanism described in Equation 1, where the oxidation of
alkaline thiosulfate results in the formation of a polysulfide passivation layer across the Au
electrode surface. (B) A cyclic voltammogram in 10 mM Na2S203 10 mM NaOH swept from -0.2
V to 0.6 V to -0.2 V at 20 mV/s vs. Ag/AgCl. The large oxidation wave at 0.35V is due to
thiosulfate oxidation. The rapid decline in current at 0.45 V is due to the passivation of the UME
with the polysulfide layer, preventing further thiosulfate oxidation.
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Figure 3.2. Correlated Mechanism and Amperometric Trace for Polysulfide Ag NP
Collisions.

The entire trace above was recorded in 10 mM Na2S203 10 mM NaOH with 60 nm diameter Ag
NPs at 19 pM. (A) For the first 22 minutes, particles collide onto a bare Au UME, forming
Ag(S203)2* as a stable product. (B) Polysulfide is deposited onto the Au UME with application of
a single potential pulse, as outlined in the text. Overloading current is from Na2S203 oxidation and
polysulfide deposition, as described in Equation 1. (C) A stable baseline is achieved following
polysulfide passivation. The sulfide adheres colliding NPs and can directly react to form AgeS.
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Figure 3.3. Comparison of Peak Amplitude and Collision Frequency for Four Control
Conditions.

(A) Raw Ag NP Collision traces recorded immediately after injecting Ag NP's. Each trace is
recorded with an identical 19 pM Ag NP concentration. Clear differences in collision frequency
and peak amplitude are observed. (B) Representative peaks under each condition, following
baseline adjustment. A horizontal red line is drawn at 0 pA to clearly show where each peak
deviates from the baseline, such as for the trailing tail in the Alkaline KCI condition. Further
examples of individual peaks are shown in Appendix 3.8-3.11. Note that the y-axis on the
"Thiosulfate w/ Thiol" plot is scaled 2 times that of the others. (C) The average collision frequency
quantified for the first 10 minutes of three traces under each reported condition. The first 10
minutes were selected to avoid influence of particle aggregation. (D) The average peak amplitudes
for all quantified data. The error bars shown in C, D are for 1 standard deviation above the mean.
Specific experimental conditions include: "Thiosulfate w/ Sulfide™: 10 mM NazS203 10 mM
NaOH on a sulfide-modified Au UME (n = 1943); "Alkaline KCI": 10 mM KCI 10 mM NaOH on
a bare Au UME (n = 619); "Thiosulfate w/o Sulfide": 10 mM Na2S203 10 mM NaOH on a bare
Au UME (n= 143); "Neutral KCI"': 20 mM KCI on a bare Au UME (n = 183).
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Figure 3.4. Sulfide-Modified Au UME Increases Oxidation Efficiency Relative to Controls.

The equivalent spherical diameter of 60 nm Ag NP's were calculated using the integrated charge
and Equation 4 under various Ag NP electrolyte conditions. Specific experimental conditions
include: (A) 10 mM Na2S203 10 mM NaOH on a sulfide-modified Au UME (n = 1943); (B) 10
mM KCI 10 mM NaOH on a bare Au UME (n = 619); (C) 10 mM NazS203 10 mM NaOH on a
bare Au UME (n = 143); (D) 20 mM KCI on a bare Au UME (n = 183). Each distribution was fit
using a Gaussian Maximum Likelihood Estimation (MLE), including all data. The values reported
on each plot are the mean of the Gaussian fit.
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Figure 3.5. Quantitation of Ag NP Diameter for NP Collision vs. TEM.

(A) The sulfide-modified Au UME condition (10 mM Na2S203 10 mM NaOH) was used to
quantify equivalent spherical diameter for Ag Collision data for NP's with diameters 30, 40, 60,
80, 100 nm using the integrated charge and Equation 4. (n = 722, 1498, 1943, 786, 557 for 30, 40,
60, 80, 100 nm Ag NP collision data, respectively). (B) Equivalent spherical diameters of Ag NP's
were estimated using the 2D projection method on TEM data, as described in Appendix 3.5. (n =
67, 63, 85, 83, 66 for 30, 40, 60, 80, 100 nm TEM data, respectively.) We chose to plot the KDE
of each distribution to clearly show the leading and trailing tails of each population, rather than
forcing a symmetrical Gaussian fit. The maximum point of each KDE distribution is labeled.
Example representative NP collision traces for each population are shown in Appendix 3.7.
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Figure 3.6. Representative TEM Images of Quasi-Spherical Ag NP Sample Populations.

Samples include 30 nm (A), 40 nm (B), and 80 nm (C) populations, as purchased from the
commerical supplier. Irregularity in the form of facets and non-sphericity appears to increase with
particle size. Images are scaled to the same scale bar length to better compare particle geometry.
Additional representative TEM images for other NP sizes are shown in Appendix 3.6.
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Appendix 3.1

Python Program for Data Analysis

The accurate quantitation of integrated charge to calculate the equivalent spherical
diameter for each Ag NP collision peak is dependent on selecting an accurate baseline. Methods
utilizing manual baseline selection risk introducing systematic errors or selection bias towards
anticipated results. We instead designed a custom Python script that programmatically adjusts the
baseline to zero and extracts peak parameters including amplitude, duration, and area under the
curve (integrated charge).

The script assumes a flat, elevated baseline containing positive-going peaks. We first used
3 order polynomial curve-fitting to adjust the baseline to approximately zero on 30-second
sections of the trace. The index of each peak max were then identified, and more rigorous baseline
adjustment was performed with linear curve-fitting. Here, 500 points 10 ms before the peak were
averaged, and separately 500 points 50 ms after the peak were averaged (where each point is
recorded every 10 ps). The resulting 2 averages were linearly fit and adjusted to zero, thus
ensuring a precisely zero baseline. Results were then checked by manual inspection and clear
examples of non-zero baselines were rejected. All peaks with heights exceeding 3x the peak-to-

peak noise of the trace were quantified.
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Stock and Diluted NP Concentrations
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All NP collision experiments were prepared by adding 300 pL of stock Ag NPs to the 5

mL total volume. We provide each stock and diluted Ag NP concentration in the table below.

NP ?r:?nn;eter Stocipﬁfﬁ%ﬁg@?&”&;ﬁ'on Diluted NP Concentration (pM)
30 1.60 x 101 159.40
40 5.70 x 10 56.80
60 1.90 x 1010 18.90
80 1.10 x 10%° 7.57
100 7.60 x 10° 4.28
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Appendix 3.3

Optimization of Alkaline Thiosulfate NP Collision Condition

The polysulfide-modified thiosulfate condition used in the main text contained 10 mM
Na2S203 10 mM NaOH in the bulk solution. We selected this condition by systematically varying
both the Na2S203 and NaOH concentrations. Representative traces and respective data analyses
are shown below.

The use of less than 10 mM Na2S203 consistently delayed the onset of collision events by
over 5 minutes. See the 6 mM Na2S203 10 mM NaOH trace below as a representative example.
However, use of more than 10 mM Na2S203 significantly increased the rate of aggregation,
obscuring the single particle collision results. See the rapid decrease in collision frequency in the
15 mM Na2S203 10 mM NaOH trace and broadening of the calculated diameter distribution for
evidence.

We wanted to keep the pH of the solution above the pKa of thiosulfate (11.35) to promote
better complexation with Ag*. However, increasing the NaOH concentration above 10 mM led to
noticeable aggregation, evidenced in decrease in collision frequency in the 10 mM Na2S203 20
mM NaOH trace, and broadening of the calculated diameter distribution below. Thus, the selected
10 mM NazS203 10 mM NaOH provided the best tradeoff by maintaining the appropriate pH and
avoiding significant aggregation within a 30-minute recording period.

All traces below were recorded using 19 pM 60 nm Ag NP's, and with the polysulfide-
pretreatment pulse methodology prepared in their respective solutions. For the distributions, n =

654, 1943, and 337, for the 6 mM, 10 mM, 15 mM Na2S203 in 10 mM NaOH, and n = 413 for the
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10 mM NazS203 20 mM NaOH. We chose to plot the KDE instead of a gaussian fit to better show

the broadened distribution shapes.
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Appendix 3.4

Cyclic Voltammetry in Alkaline Thiosulfate

(A.) A cyclic voltammogram sweeping from -0.2 V to 0.6 V to -0.2 VV whereby thiosulfate
oxidation occurs at ~ 0.35 V followed by electrode passivation. Reduction of the film occurs at -
0.2 V, which promotes identical voltammetry dynamics on the subsequent cycles. (B.) If the CV
is instead only scanned to a minimum of 0 V, then the large thiosulfate oxidation wave becomes

smaller on each successive scan, indicative of electrode passivation.
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NP Volume Estimation using 2D Projection Method with TEM Data

Here we show the process of using the 2D projection method to analyze TEM data for an

80 nm Ag NP sample. The original image (A) is thresholded using ImageJ in (B), and the area of

each object is calculated in (C). The measured area is used to calculate the radius of the equivalent

sphere.

Measured Area

Equivalent Spherical

Equivalent Diameter

NP # (nm?) Radius (nm) (nm)
1 4043 35.9 71.8
2 3836 35.1 70.2
3 5538 42 84.0
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Appendix 3.6
Representative TEM Images for Ag NPs

Images are provided for 30, 40, 60, 80, and 100 nm Ag NP's for A-E, respectively. Images

were sized with equivalent scale bars to better illustrate quasi-sphericity of larger NPs.
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Representative NP Collision Traces for 30, 40, 60, 80, 100 nm Ag NPs
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Traces were recorded using the polysulfide-modified Au electrode in 10 mM NazS203 10

mM NaOH with the same diluted NP concentrations as displayed in Appendix 3.2. The equivalent

diameter distributions are summarized in Figure 3.5.
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Representative NP Collision Events for 10 mM Na»S.03 10 mM NaOH with Polysulfide
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Note that the y-axis scaling is 2 times that of the axes shown in Appendix 3.9-3.11.

4000

2000 L

4000

20001

o ll - L

4000

2000

. I L L

40001

2000

- .; L

40001

2000

L L ! !

4000

20001

0 "“"‘"‘"L"“"‘*‘ b ; : - : L -

0 5 10 15 200 5 10 15 200 5 10 15 20
Time (ms) Time (ms) Time (ms)



Appendix 3.9

93

Representative NP Collision Events for 10 mM Na»S.03 10 mM NaOH without Polysulfide
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Representative NP Collision Events for 20 mM KCI
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Chapter 4. DETECTION  OF  TRANSIENT NANOPARTICLE
COLLISION USING ELECTROCHEMILUMINESCENCE
ON A CLOSED-BIPOLAR MICROELECTRODE*

4.1 INTRODUCTION

Bipolar electrochemistry has been extensively studied over the past decade with diverse
applications in topics including sensor development?, electrocatalyst screening®*, asymmetric
materials fabrication®®, fundamental studies’*, and many others.!>* A conventional open
bipolar electrochemical cell contains a conductive material, i.e., a bipolar electrode (BPE),
immersed in an ionic solution, where potential is wirelessly driven to couple complementary redox
half reactions at opposite electrode poles. If a given half-reaction generates light, such as in
electrogenerated chemiluminescence (ECL) or redox-mediated fluorescence, then the
electrochemical dynamics of the complementary half reaction can be optically monitored.>23

A closed bipolar electrode (c-BPE), on the other hand, connects two separate solutions with
its two poles. Massive parallel arrays containing tens to hundreds of thousands c-BPEs can be used
and simultaneously monitored using ECL or fluorescence.?*28 Their utilization has become a
unique strategy for monitoring large-scale heterogeneous electron-transfer events. When redox-
generated light is used to measure the faradaic response, each electrode in a large array serves as
an equivalent optical pixel for wide-scale spatial resolution of electrochemical processes. Reported
applications include catalytic screening,?”?® and detection of cancer biomarkers.

Despite excellent progress, a key c-BPE application missing from literature is in use of
optical detection to image transient electrochemical events. Our group has been particularly

interested in developing large arrays of c-BPEs to optically monitor very fast and transient redox

*This chapter is adapted with permission from:
Defnet, P. A.; Zhang, B. Detection of Transient Nanoparticle Collision Events Using Electrochemiluminescence on
a Closed Bipolar Microelectrode. ChemElectroChem 2020, 7, 252—259. Copyright (2020) Wiley.
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events, such as release of neurotransmitter molecules from single cells as a tool for fundamental
biological study.?” While neurotransmitter release has traditionally been measured from biological
species using single microelectrode probes, or with directly-connected arrays with small electrode
counts,®! the closed-bipolar array imaging methodology would instead allow the capacity to
measure from thousands of parallelized electrodes simultaneously given the wireless design and
optical readout. However, the optical measurement of these transient processes is a challenging
analytical task because an average dopamine release event from chromaffin cells can last from 20-
200 ms and give 1.19 + 0.08 pC in transferred charge when measured using a carbon-fiber
microelectrode (CFE).*? The resolution of fast redox events is challenged by the small amount of
charge generated in the faradaic process, which translates to a very small number of photons to be
expected from the other pole of the same BPE if ECL is used as the optical readout mechanism.
Moreover, although one can use fast frame rates to more accurately resolve a peak, the number of
photons one can collect in each fame would also proportionally decrease leading to difficulties in
resolving the signal from the noise.

As a first step toward imaging transient neurochemical signals on large arrays, we therefore
sought to use a well-characterized c-BPE system to explore the optical detection of transient
electrochemical events. We used a pair of CFEs connected in series as our c-BPE system to
measure transient collisions of Pt nanoparticles. A small potential bias was applied across the BPE
such as the nanoparticle collision event can be electrocatalytically amplified by the hydrogen
evolution reaction (HER), which is coupled to the anodic ECL reactions of Ru(bpy)s®*/2-
(dibutylamino)ethanol (DBAE). To better control nanoparticle delivery onto the CFE surface in
an acidic solution, we used our group’s previously developed pressure-driven microjet collision

system.®* A highly-reproducible two-part transient signal was obtained for each particle collision
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event according to the known two-step HER mechanism.3® The signal consisted of a short current
spike (<150 ps wide) due to ultrafast hydrogen adsorption on Pt, followed by a ~400 ms current
decay due to HER and particle deactivation. The use of an ECL process on the anodic pole allowed
us to collect an optical signal for each collision.** Correlated amperometric (i-t) and ECL (count-
t) traces were compared to determine the quantitative accuracy of the transient optical recording.
Evaluating the correlation of ECL and amperometric signals was necessary since only the optical
response is detectable from individual electrodes when the methodology is applied across a
wireless closed-bipolar array.

To the best of our knowledge, this is the first time that nanoparticle collision has been used
in a bipolar electrochemistry system to characterize its imaging performance for transient redox
processes. Previous BPE-based imaging applications have mainly focused on long-timescale and
steady-state measurements.?#2630 Although ECL and fluorescence have been used to study
nanoparticle collision, light was not generated across a closed-bipolar electrode. Instead, the
optical signal was produced directly from the particle itself. For example, Ma et al. have studied
the collisions of ECL-active Ru(bpy)s®*-doped silica nanoparticles generating ECL signal upon
electrode collision;* and our group has studied collision of silver nanoparticles in a Pt nanocell by
measuring fluorescent signal from the silver nanoclusters produced during collision.®

The success of this work demonstrates the capacity to study many exciting applications for
the wide-field imaging of transient redox processes while using massive arrays of closed-bipolar
electrodes. Examples include the monitoring of neurotransmitter release from single cells or brain
slices, as well as massively parallelized single nanoparticle collision or single vesicle redox

quantification.
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4.2 EXPERIMENTAL SECTION

4.2.1 Chemicals

Tris(2,2’-bipyridyl)dichlororuthenium(Il) hexahydrate Ru(bpy)s** , 2-(dibutylamino)
ethanol (DBAE, 99%), perchloric acid (HCIO4, 70%), and ferrocenemethanol (FcMeOH, 97%)
were purchased from Sigma-Aldrich. Sodium perchlorate monohydrate (NaClO4-H20, >99%), and
potassium chloride (KCI, >99%) were purchased from Fluka. Citrated-capped Pt nanoparticles
with diameter 70 £ 4 nm dispersed in 4 mM sodium citrate were purchased from NanoComposix.
All chemicals were used as received from their manufacturers. Solutions were prepared with 18.2
MQ cm? deionized water obtained from a Barnstead NANOpure water purification system
(Thermo Scientific). The ECL solution consisted of 25 mM Ru(bpy)s%*, 20 mM DBAE, and 100
mM pH 7.4 phosphate buffer. The microjet collision bulk acid solution consisted of 100 mM

HCIO4 and 100 mM NaClOa.

422 Electrode Fabrication

The carbon fiber electrodes used for Pt nanoparticle microjet collision experiments were
fabricated according to a procedure previously reported by our group.®® A single 5 um diameter
carbon fiber (Besfight G40-800) was aspirated into a borosilicate glass capillary tube (1.2 mm
0.D./0.69 mm I.D., Sutter). A Sutter P-97 micropipette puller with a 3.0 mm square box filament
(2.0 mm wide; Sutter, FB320B) was used to pull the capillary into 2 separate tips. The following
1-line program was used: heat = ramp+10, pull = 150, velocity = 75, time = 250. Excess carbon
fiber protruding from the tip was trimmed with a stainless-steel surgical scalpel. The tips were
dipped in epoxy (Epo-Tek 301) for 10 minutes, placed in an 80° C oven for 2 hours, and then

placed in a 150° C oven for 2 hours to ensure full curing. A 250 um diameter tungsten wire was
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dipped in silver paste epoxy (Dupont), and used to make contact to the posterior carbon fiber inside
the capillary. Epoxy (Hysol 0151) was used to secure the tungsten wire to the end of the capillary.
Electrode tips were beveled at a 45° angle using a home-built microelectrode beveller.

The ECL reporting electrodes were fabricated by sealing a 5 um carbon fiber in glass using
a heating coil, like previously reported fabrication schemes for Au microelectrodes.®” A single 5
pm diameter carbon fiber (Besfight G40-800) was aspirated into a borosilicate glass capillary tube
(2.2 mm 0O.D./0.69 mm 1.D., Sutter). One end of the capillary was sealed shut using a Bunsen
burner. A vacuum line was connected to the open end of the tube, and the fiber was sealed using
of a heating coil. Care was taken to avoid bubble formation around the fiber. The 5 um disk was
exposed by sanding with P60 and P-220 grade sandpaper. A 250 um diameter tungsten wire was
dipped in silver paste epoxy (Dupont), and used to make contact to the posterior carbon fiber inside
the capillary. Epoxy (Hysol 0151) was used to secure the tungsten wire to the end of the capillary.

The 50 um Pt ultramicroelectrode (UME) was fabricated for use in Figure 4.2 according
to an almost identical procedure as the glass-sealed ECL reporting electrode. The only variations
included the use of a 50 um Pt wire instead of the 5 um carbon fiber and by sealing it inside a
larger borosilicate glass capillary tube (1.5 mm 0.D./0.86 mm 1.D., Sutter).

All electrodes were characterized using cyclic voltammetry in 1 mM FcMeOH and 100
mM KCI. A fresh electrode surface was exposed prior to every experiment by beveling the microjet

electrodes and sanding the carbon-fiber and Pt electrodes with P220 grade sandpaper.

4.2.3  Micropipette Fabrication

Glass micropipettes approximately 5 um in diameter were used to inject nanoparticles in
the microjet collision system. Micropipettes were prepared by pulling borosilicate glass capillary

tubes (1.0 mm O.D./0.5 mm I.D., with filament; Sutter, BF100-50-10) on a P-97 micropipette
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puller using a 3.0 mm square box filament (2.0 mm wide; Sutter, FB320B). The following two-
line program was used: heat = ramp value, pull = 0, velocity = 30, time = 250; heat = ramp + 10,
pull = 70, velocity = 30, time =250. A stainless-steel surgical scalpel blade was used to cut the
pipette orifice to the desired size. Orifice diameters were estimated using a microscope eyepiece

ruler.

4.2.4  ECL Measurements of Nanoparticle Collision

Two inverted microscopes (Olympus 1X70, and Olympus 1X71) were positioned side by
side on a vibration isolation table and inside of a grounded faraday cage. One microscope (1X71)
was used to align the microjet collision experiment, and the other (1X70) was used to collect the
generated ECL signal. See Figure 4.1 for a diagram of the experiment. The closed bipolar electrode
was formed by electrically connecting the microjet and ECL working electrodes in their separate

solutions with an insulated Cu wire.

425  Microjet Collision Setup

The microjet setup was identical to our procedure previously reported.®® A glass
micropipette was back-filled with stock 70 nm Pt NP solution and connected to a Femtojet
microinjector (Eppendorf). Its position was controlled with an analog micro-positioner. A separate
micro-positioner was used to control the movement of the 5 um beveled carbon fiber detecting
electrode. The pipette orifice and electrode tip were submerged in bulk acid solution (100 mM
HCIO4 and 100 mM NaClOa) and positioned directly opposite each other while using a 20x (0.4
NA Olympus LCPlanFl) objective. An approximate 10 um distance was maintained for consistent

data collection. The microjet pressure was held at a constant 0.2 psi to maintain a steady collision
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frequency. The carbon fiber electrode was biased at a potential in the steady-state region of the

HER. Non-bipolar experiments used -850 mV, and bipolar experiments used -1600 mV.

4.2.6 ECL Setup

The ECL reporting electrode was submerged in a reservoir of pH 7.4, 50 mM phosphate
buffer solution containing 25 mM Ru(bpy)s?*, 20 mM DBAE and was positioned above a glass
coverslip using a MP-225 micromanipulator (Sutter Instrument Co.). The optical bipolar ECL
signal was collected using a 40x (1.15 NA Uapo-340) water-immersion objective and recorded
using an Andor iXon 897E EMCCD camera cooled to -80° C. The pre-amplifier gain was set to
5.1x, the electron multiplier (EM) gain was set to 300, the readout rate was 10 MHz at 14-bit, and
the vertical pixel shift speed was set to 0.3 ps. A 24x24 pixel window in isolated crop mode was
used to obtain fast exposure times with minimal time between frames. Exposure times, (frame
rates) of 0.0002542 s (3786.4 Hz), 0.0004942 s (1932.7 Hz), 0.0009942 s (995.92 Hz), 0.0050042
s (199.44 Hz), 0.0099942 s (99.959 Hz), 0.0499942 s (19.998 Hz), and 0.0999942 s (9.9996 Hz)
were used. Andor SOLIS software was used to record all imaging data. Andor SOLIS and ImageJ

were used for image processing. All graphs in the manuscript were created using Origin 2019b.

4.2.7 Electrochemical Recordings

Potential was applied across all investigated systems using a ChemClamp potentiostat
(Dagan Corporation) with an N=1 headstage connected to two Ag/AgCl reference electrodes
placed in each solution. The same device also measured the current while sampling at 100 kHz
using a 1322A digitizer (Axon Instruments) and filtering at 10 kHz using a hardware low-pass

Bessel filter. 1-t data were recorded using Axoscope 10.0 software (Molecular Devices) and
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analyzed in Clampfit 10.7 (Molecular Devices) software. A digital trigger in Axoscope 10.0 was

used to ensure that the electrochemical and optical recording started at the same time.

4.2.8  Curve Fitting

The decay curves were fit in Figures 4.3g and 4.5g using a weighted exponential function

with the following formula:

FO) = KoY fre™ )+ ¢
i=1

Where n= 1, Ko is a scaling factor, fi is the amplitude of the exponential function, Ki is the inverse
of the exponential time constant, t is each time point, and C is an off-set accounting for a non-zero
baseline.

Curves were fit starting directly after the hydrogen adsorption spike until they decayed
back to the baseline. Correlation values >97% were obtained. The fitting parameters were averaged

across 25 events per curve to obtain each averaged trace.

4.2.9  Nanoparticle Characterization

The 70 nm Pt nanoparticles were characterized using transmission electron microscopy
(TEM) imaging performed on a FEI Technai G2 F20 operating at 200 kV with a single tilt sample
holder. The TEM sample was prepared by drop-casting the 70 nm Pt nanoparticles onto carbon-

coated Formvar copper TEM grids (Ted Pella, Inc.). Results are shown in Figure 4.11.
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4.3 RESULTS AND DISCUSSION

4.3.1  Description of the ECL Imaging System

We adopted our group’s previously reported microjet collision scheme to produce highly
reproducible nanoparticle collision events with tunable signal magnitude.®® By this mechanism, Pt
nanoparticles were housed in a glass micropipette, ejected under pressure-driven flow through a
highly concentrated bulk solution, and onto a detecting CFE positioned several microns away (as
shown in Figure 4.1). Due to the particle’s short transit time in the bulk redox solution (from <1
ms to a few ms), particle aggregation is largely avoided, leading to a reproducible HER current
signal while using concentrated bulk acid conditions. This contrasts the classical diffusion-limited
methods whereby aggregation is observed for citrate-capped nanoparticles in ionic concentrations
higher than ~20 mM or a lower pH than 3.13 (pKa of the citrate capping ligand).*® By increasing
the bulk acid concentration in the microjet system, we correspondingly increase the magnitude of
the electrocatalytically amplified signal to generate a more easily detectable transient event
consisting of a sharp current spike and a transient current decay. The durations of the ultrafast
spike and transient decay are quantified in Figures 4.6 and 4.3g, respectively. The two-part
collision signal is desirable since it allows us to investigate two transient events of different
durations per collision in the bipolar imaging experiments described herein.

The nanoparticle collision events were coupled to anodic ECL on another CFE electrode,
which is connected to the detection CFE to enable correlated optical recording. We selected the
Ru(bpy)s?*/2-(dibutylamino)ethanol (DBAE) ECL pair due to reports of comparable sensitivity
compared to the traditional Ru(bpy)s?*/tripropylamine (TPrA) system.** The ECL sensitivity was

further enhanced by increasing the Ru(bpy)s?* concentration, as shown in Figure 4.7. The curve
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appears to asymptotically approach a maximum sensitivity limit, and therefore we used the

maximum concentration which was tested (25 mM) for our experiments.

4.3.2 Electrochemical Characterization of Nanoparticle Collision Events

We began by determining the appropriate driving potential to apply in our bipolar ECL
imaging experiment. Figure 4.2 shows a bipolar CV between a 50 pm diameter Pt
ultramicroelectrode (UME) undergoing the HER and a 5 um CFE as the anodic ECL reporting
pole. The Pt UME served as a stable substitute for the transient Pt nanoparticle collision response.
Results indicate that the HER current signal reaches a plateau when the applied voltage was below
-1.5 V. We therefore chose -1.6 V to ensure we were safely inside the HER steady state diffusion-
limited region during the bipolar particle collision experiments.

Figure 4.2 also suggests that the anodic ECL reporting pole is limiting the overall faradaic
current passed across the bipolar system, evidenced by the small (40 nA) steady state current. By
using a known equation® to calculate the predicted steady state limiting current across a 50 pum Pt
disk electrode in 25 mM HCIO4, we would instead expect 2.24 pA. Here, the overall faradaic
current is most significantly limited by the small size of the 5 um CFE. In the bipolar collision
imaging experiment, however, the limiting pole becomes the CFE electrode used for the ECL
recordings due to a lower bulk redox concentration, despite differences in electrode size.

Figure 4.3 compares the amperometric nanoparticle collision events recorded in the bipolar
setup (in blue), and the non-bipolar, two-electrode setup (in black). The apparatus used in the non-
bipolar, two-electrode measurements maintains a similar microjet setup, although simply applies
potential between a CFE and a Ag/AgCI reference electrode. Figures 4.3a and 4.3b show
representative amperometric traces for the non-bipolar and bipolar collision experiments,

respectively. Both setups resulted in clear recording of fast nanoparticle collision events although
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the electric noise in the bipolar recording was higher than the two-electrode setup. This higher
noise is likely due to the presence of two additional electrode/solution interfaces in a bipolar
recording and the increased double layer capacitance and stray capacitance from the electrical
wires connecting the two microelectrode poles. The use of two microscopes in the same Faraday
cage may have also contributed to the increased noise. Nevertheless, the overall shapes of the
nanoparticle collision events are quite similar in both recordings indicating that the use of a bipolar
electrode does not significantly alter the amperometric response. To further study the difference
between the bipolar and non-bipolar events, we examine each electrochemical process separately,
distinguishing between the ultrafast hydrogen adsorption spike and the slower current decay for
hydrogen evolution.

An example hydrogen adsorption spike is visible in the insets of Figures 4.3c and 4.3d,
which display a single event for the non-bipolar and bipolar peaks, respectively. Initial
examination reveals that the ultrafast spike appears smaller in magnitude for the bipolar recording.
This observation is confirmed in Figures 4.3e and 4.3f, which quantify the charge for the hydrogen
adsorption spike for 150 collisions to be 403 + 90 fC for bipolar events and 504 + 133 fC for non-
bipolar events. The H-adsorption charge measured in the bipolar recording is ~20% smaller than
that in the conventional two-electrode setup, which leads us to believe that the anodic ECL
reporting pole is somewhat limiting the amount of current that can pass across the bipolar
electrode. We further support this claim by examining Figure 4.3f, which shows that the bipolar
charge distribution has a smaller standard deviation than the non-bipolar events. It would make
sense that the bipolar events approach a maximum charge, which is likely limited by the diffusion

of anodic ECL reagent at the reporting pole.
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If we instead examine the hydrogen evolution decay event, preliminary traces in Figures
4.3a, b, ¢, and d suggest that the bipolar event is narrower in shape. Figure 4.3g confirms this
observation by plotting the average fitted decay curve from 25 events of each type. Figure 4.3g
shows that bipolar events decay faster and transfer less charge (smaller area under curve) than their
non-bipolar counterparts. These results further confirm that the anodic ECL pole is indeed limiting
the charge passed through the bipolar system.

The minor deviation observed between the non-bipolar and bipolar events does not impact
the quality of the study, since the overall purpose was to investigate the correlation between the
optically recorded transient nanoparticle events and the simultaneously recorded electrochemical
signal. Rather, it is more important that the bipolar event still maintains the same two-part peak
shape consisting of a fast H-adsorption spike and a broader current decay, thereby enabling the
study of two types of transient events of different duration per collision from the ECL response.
This makes it so that when we investigate the ECL responses, we can still study two transient
events of different durations per collision. If in future studies it becomes critical for the bipolar
peaks to match with those of the non-bipolar system, then the particle collision pole should be

rendered limiting by increasing the redox concentration in the reporting pole.*

4.3.3  Correlating ECL and Amperometric Signals

In Figure 4.4 we demonstrate our success in utilizing ECL to detect fast collision events of
single Pt nanoparticles. Figure 4.4a shows nanoparticle collision events simultaneously recorded
by counting the total photon signal from the ECL reporting pole (red, count-t) and by recording
the amperometric current signal (blue, i-t). The current trace was used to evaluate the accuracy of
the correlated optical signal. The results are promising since a measurable optical signal is detected

that mirrors that fast-rise, slow-decay shape of the amperometric peak. In Figure 4.4b we show the
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optical images of the reporting pole recorded during a nanoparticle collision event. A distinct
difference in ECL intensity is observed between the peak and baseline, indicating that one can use
closed bipolar ECL to detect these rapid nanoparticle collision events.

However, we observe some significant temporal differences between the ECL and current
signals as we examine correlated ECL and amperometric signals individually (Figure 4.4c). The
<150 ps H-adsorption spike is absent in the ECL signal, while the 400 ms hydrogen evolution
decay is broadened to more than 600 ms. Figure 4.4c was recorded using a 100 ms exposure time
(ET), where the ET can be approximated by 1/FR (FR = frame rate) and is the amount of time that
photons are collected per camera frame. The lower temporal resolution is understood given the
slow 10 Hz sampling rate relative to the duration of each transient event. However, increasing the
optical sampling rate to achieve better temporal resolution complicates the optical measurement
by introducing sensitivity restrictions.

The challenge of obtaining equivalent temporal resolution is due to the known mechanistic
differences between ECL and current measurements. The faradaic current measured at each time
point corresponds to the rate of the redox reaction on the electrode. Therefore, a change in the
sampling rate would not change the current magnitude. The ECL signal, however, measures the
number of photons collected on the CCD camera in a given exposure time. Because the exposure
time is inversely related to the sampling rate, an increase in the sampling rate will thus cause less
photons to reach the detector. Therefore, the optical sensitivity (photons/frame) is significantly
affected by the frame rate and will decrease when the frame rate is increased. For example, if a
constant optical signal is sampled at both 10 Hz and 10 kHz, the 10 kHz signal will collect 1000X
less photons in each frame. The use of high optical sampling rates is therefore challenged by this

sensitivity restraint.
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In Figure 4.5 we explore the impact of the exposure time on the quality of the ECL signal.
Figure 4.5a and 4.5b show 30 second traces of simultaneously recorded ECL (red) and
amperometric (blue) signals using 5 ms exposure time and 500 ps exposure time, respectively.
Additional correlated traces are seen in Figure 4.8 using other exposure times. We observe that a
smaller ET predictably decreases the signal-to-noise ratio of the optical trace, as is quantitatively
shown in Figure 4.5e. We also show that the relative number of photons per event linearly
decreases with smaller ET’s by plotting the integrated ECL peaks vs. ET in Figure 4.5f.

In Figure 4.5¢c, and 4.5d we examine individual correlated peaks to explore the temporal
resolution of the ECL nanoparticle collision signal. We observe that the ultrafast (<150 ps) H-
adsorption spike is absent from all ECL recordings, even under the fastest 500 ps ET condition
used in this study. Our sensitivity restrictions prevented us from sampling faster, evidenced by the
inability to resolve any ECL signal at 250 ps exposure time. The lack of resolution can be
understood given that a <150 ps spike would be averaged with 350 ps of ECL background to
produce a single point above the baseline. We would instead like to employ a 30 ps ET to obtain
approximately 5 points per spike. Given that our fastest resolvable ET was at 500 ps, we would
require an approximate 17-fold increase in ECL sensitivity to record at this desired rate.
Enhancement of ECL sensitivity may be achieved by further increasing the Ru(bpy)s?*
concentration as shown in Figure 4.7, although with expected diminishing returns. Interestingly,
specific electrode modifications such as the growth of mesoporous silica,***? or adsorption of
catalytic nanoparticles encapsulated by amine-terminated dendrimers*® have also shown
significant ECL sensitivity enhancements in literature. We believe the adoption of these strategies
would offer the best likelihood of achieving the required sensitivity to resolve such ultrafast events

using closed-bipolar ECL.
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Figure 4.5g examines slower current decay in hydrogen evolution. We plot the average
exponential decay curves fit to 25 ECL signals per ET condition. The bipolar amperometric decay
curve from Figure 4.3g is also overlaid for comparison. We compare the decay time of the ECL
signal for each overlaid curve relative to the bipolar current signal. Decreasing the exposure time
produces a more narrow and accurate decay curve, where 5, 1, and 0.5 ms conditions produce
accurate results. The 5 ms condition would best maximize optical sensitivity and still maintain
accurate temporal resolution. We confirmed this result by overlaying the correlated traces of
Figures 4.5a-d in Figure 4.10 to further show that the ECL decay for 5 ms and 0.5 ms ET matches
the amperometric response remarkably well. We therefore demonstrate that use of closed bipolar

ECL recording can accurately resolve transient HER current in nanoparticle collision events.

4.4 CONCLUSION

In summary, we have used ECL as an effective optical recording strategy for measuring
transient nanoparticle collision events. The use of a closed bipolar electrode allows us to convert
the transient amperometric current signal on a detection pole into a luminescence signal on the
reporting pole. Despite the challenges in recording the initial ultrafast H-adsorption signal, ECL
can be useful in measuring the subsequent ~400 ms transient HER signal on single 70 nm Pt
nanoparticles. It is expected that one can use ECL to record such <1 ms ultrafast events by further
enhancing the sensitivity of ECL processes. Our study suggests that ECL can be an effective means

for imaging transient redox processes when used on large arrays of closed bipolar electrodes.
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45 FIGURES

Ru(bpy)s*
DBAE

Figure 4.1. Schematic of the Closed-Bipolar NP Collision — ECL Setup.

A diagram of the experiment coupling Pt nanoparticle collisions to anodic ECL across a closed-
bipolar electrode. The coverslips imply that both the microjet collision and reporting ECL halves
were supported on separate inverted microscopes. A picture of the experimental setup is shown in
Figure 4.12.
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Figure 4.2. Bipolar Cyclic Voltammogram of Pt-Catalyzed HER Coupled to ECL.

A bipolar cyclic voltammogram (CV) recorded using a 50 um Pt UME in 25 mM HCIO4 and 20
mM NaClOas coupled to a 5 um CFE in 25 mM Ru(bpy)s:%*, 20 mM DBAE, and 50 mM phosphate
buffer (pH = 7.4). The CV was recorded at 100 mV/s using two Ag/AgCl quasi-reference
electrodes (QRES) as driving electrodes. The arrows indicate the forward and backward scan.
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Figure 4.3. Analysis of Bipolar and Non-Bipolar Amperometric NP Collisions.

Bipolar data is shown in blue, and non-bipolar data is shown in grey. 2a and 2b show amperometric
traces over a 30 second period. 2c and 2d examine single peaks, while highlighting the presence
of the hydrogen adsorption spike in their insets. 2e and 2f quantify the charge (fC) of the hydrogen
adsorption spike across 150 events each. 2g plots the average of 25 exponential decay curves fit to
the electrochemical data. See the experimental section for fitting details.
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Figure 4.4. Correlated Amperometric and Optical Bipolar ECL NP Collisions.

Correlated amperometric (blue) and optical (red) recordings of nanoparticle collision events. 3a
shows a correlated 30-second-long trace recorded using a 100 ms optical exposure time. 3b shows
the recorded ECL images of the reporting CFE electrode before, during, and after returning the
baseline of the single event shown in 3c. The optical frames were background corrected. 3c
examines a single correlated event using the 100 ms exposure time.
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Figure 4.5. The Effect of Varied Optical Exposure Time on Bipolar ECL NP Collisions.

4a and 4b show 30-second traces correlating bipolar amperometric (blue) and ECL (red) signals
using 5 ms Exposure Time (ET) and 0.5 ms ET, respectively. 4c and 4d examine single correlated
events for 5ms ET and 0.5 ms ET. 4e plots the signal-to-noise ratio vs. ET, found from measuring
25 peaks at each condition. 4f plots the area of the integrated ECL peak vs. ET to determine the
relative number of photons per event. 4g plots the average of 25 exponential decay curves fit to
the optical ECL data for varied ET’s. The bipolar amperometric peak from 2g is overlaid on 4g.
See the experimental section for fitting details.
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Figure 4.6. Average Duration of the Measured Bipolar Hydrogen Adsorption Spike.

The hydrogen adsorption spike duration was quantified across 150 electrochemical events. The
average + standard deviation was found to be 0.142 + 0.058 ms. The average spike duration is
quoted as being approximately 150 us throughout the manuscript.
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Figure 4.7. ECL Sensitivity vs. Ru(bpy)s?* Concentration.

Correlated ECL-CV’s were collected using a simple 2-electrode setup consisting of a glass-sealed
carbon fiber electrode immersed in each Ru(bpy)s?* concentration with 20 mM DBAE and 50 mM
pH 7.4 phosphate buffer and a Ag/AgCI reference wire. A 10 ms exposure time was used. The
ECL counts and corresponding current (pA) were used at identical potentials upon reaching the
steady-state region of the CV. Each condition was performed in triplicate.
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Figure 4.8. Correlated Bipolar Electrochemical (i-t) and Optical (Count-t) Traces.

Each trace is 30 seconds in duration with the following optical exposure times: a = 100 ms, b = 50
ms, c =10 ms,d=5ms, e =1 ms, f =500 us. The blue curves show bipolar electrochemical data,
and the red curves show correlated bipolar ECL data.
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Figure 4.9. Average Charge of Transient Decay for Bipolar Hydrogen Evolution.

The hydrogen evolution decay charge was quantified for 150 bipolar electrochemical events. The
average + standard deviation was found to be -80.71 + 36.48 pC.
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Figure 4.10. Demonstration of the Optical Resolution of Hydrogen Evolution.

We directly overlaid Figure 4.4a-d to demonstrate the accurate correlation of the ECL signal for
resolving the hydrogen evolution decay process. Figure 4.10a and 4.10c use 5 ms exposure time,
while 4.10b and 4.10d use 0.5 ms exposure time. The amperometric traces are in blue, and the
ECL traces are in red.
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Figure 4.11. Characterization of 70 nm Pt Nanoparticles using TEM.

A high-resolution transmission electron microscope (TEM) image of the 70 nm Pt nanoparticles
used in the nanoparticle collision experiments.
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Figure 4.12. Photo of Experimental Setup for Correlated NP Collisions.

Two inverted microscopes were setup side-by-side for the bipolar NP collision experiment. The
left microscope performed microjet Pt NP collisions, while the right microscope recorded optical
ECL signal from a microelectrode. A long alligator clip connected both working electrodes.
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Chapter 5. EXPLORATION OF TWO CATHODIC LIGHT
GENERATION SYSTEMS FOR BIPOLAR SILVER
NANOPARTICLE DETECTION

5.1 INTRODUCTION

Closed-bipolar electrochemical imaging (c-BPI) has shown great promise toward the
micro- or nanoscale spatial mapping of electrochemical redox environments. As discussed in
Chapter 1, this technique relies on the coupling of two complementary half-reactions across
opposite poles of a bipolar electrode. By utilizing a light-generation process at a single pole, the
light intensity can serve as the reporting mechanism indicative of electrochemical activity. Thus,
electrochemical sensing can be extended to arrays containing thousands of wireless bipolar
electrodes, all while utilizing a microscope camera as a single recording channel.!

A long-term lab goal established in 2012 has been to extend the c-BPI platform to map in-
vitro oxidative neurotransmitter release during exocytosis from single dopaminergic cells and
brain slices. Exocytosis is a key process that facilitates chemical communication among neuronal
networks in the brain. Significant efforts in the literature have been devoted to better understanding
its physical mechanism due to its direct impact on neurodegenerative disorders such as Parkinson's
disease.?® The application of closed-bipolar imaging with densely packed nanoelectrode arrays
could allow for high spatial resolution mapping of exocytotic release sites for fundamental studies
regarding neurotransmission dynamics.

Classical exocytosis electrochemical measurements were pioneered by Mark Wightman
with use of single cell amperometry in the 1990's.4 In this technique a single electrode is placed

at the cellular interface and to stimulate neurotransmitter release via exposure to a high potassium
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salt solution. Detected signals appear as dozens of temporally resolved peaks, where each peak
represents a single vesicle fusing with the cell wall and expunging its contents into extracellular
space to be detected at the electrode surface. The classic amperometric method has been used to
discover different features of the release mechanism, such as quantitative estimates of vesicular
neurotransmitter content,® and incomplete vesicular fusion under certain conditions.® However, the
classical technique cannot provide spatial information indicating where the release occurs across
the biological medium, which instead would require the application of multiple electrodes.

Indeed, other labs have developed multi-channel electrochemical methods in pursuit of the
same goal of spatially resolving exocytotic release. Early efforts used a brute-force methodology
of simply placing more ultramicroelectrodes across the cell surface. Each required its own
manipulator and current amplifier and involved a very technical and cumbersome setup.® Efforts
then progressed into using multi-barreled electrodes, thus requiring a single manipulator; however,
authors have only reported a maximum of seven electrode-arrays which, still require significant
technical prowess to fabricate.!* The advent of directly-wired micro-fabricated arrays allowed for
massive scalability and parallelization of electrode designs, with initial reports monitoring with up
to 36 electrodes,>31* and more modern reports monitoring with upwards of 4096.1%1%1" The
modern arrays utilize CMOS technology with current amplifiers fabricated onto the chip itself,
providing extreme sensitivity and temporal resolution. For example, Ham and co-workers
demonstrated a 4096-electrode device with ~10 pum diameter electrodes and 20 um pitch that allow
for the spatial mapping of neuronal action potentials.*®

Arguably similar fundamental studies can be performed with both the microelectrode and
CMOS arrays to what was originally proposed with c-BPIl. However, an important advantage for

our methodology is the ability to employ nanoelectrode arrays with more densely packed
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structures, only limited by the need for thin insulating membranes separating each electrode. For
example, a recent paper from Xia and co-workers demonstrated the fabrication of nanoelectrode
arrays from gold electrodeposition in anodized aluminum oxide membranes, leading to 200 nm
diameter electrodes with 450 nm pitch.'® Such work far surpasses the electrode density attainable
with CMOS technology, providing even higher spatial resolution.

However, the real challenge of exocytotic c-BPI is in identifying a cathodic light-
generating system with enough sensitivity to detect the small and fast vesicular release events.
Table 5.1 summarizes the average peak charge and duration of amperometric exocytosis for
various biological systems. A natural analytical progression would be to start with easier detection
targets, such as with chromaffin cells (1190 fC, 200 ms)*® and progress towards smaller, faster
events, until reaching the human neuronal thresholds (3.3 fC, 0.09 ms).?° Yet it is important to
remember that the optical sensitivity in c-BPI is impacted by both the amount of charge transferred,
and optical frame rate as demonstrated in Chapter 4.2 Thus, the approach toward neuronal
detection requires multinomial sensitivity improvements.

The strategy employed to address this analytical challenge was to first identify a cathodic
light generating system that can detect an oxidative transient of any size. Once a baseline is
established, sequential improvements can be made to achieve the series of analytical targets. Ag
nanoparticle (NP) collisions were used as the source of transient oxidative charge during this
optimization process (as introduced in Chapter 3). Their integrated charge matches quite well with
the proposed biological targets (as illustrated in Figure 5.1) yet they are far cheaper and easier to
handle during experimentation. The present work describes unpublished progress highlighting two
distinct cathodic light generation mechanisms, as well as critical factors that influence their

applicability toward c-BPI.
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5.2 EXPERIMENTAL
5.21 Chemicals

All chemicals were used as received from their manufacturer, including resazurin (Rz,
99.9%, Sigma Aldrich), monobasic potassium phosphate (KH2POas, 99.8%, Fisher Chemical),
dibasic potassium phosphate (K2HPO4, 99.9%, J.T. Baker), potassium nitrate (KNOs, 99%, Sigma-
Aldrich), perchloric acid (HCIOs, 70%, Sigma-Aldrich), sodium perchlorate monohydrate
(NaClO4:H20, >99%, Fluka), sodium sulfite (Na2SOs, 99%, Sigma Aldrich), D-(+)-glucose
(Glucose, 98%, Sigma Aldrich), acetonitrile (AcN, 99%, Sigma-Aldrich), tetrabuytlammonium
hexafluorophoshate (TBAPFs, 98%, Sigma Aldrich), ammonium persulfate ((NH4)2S20s, APS,
>98.0%, Sigma Aldrich), tris(2,2’-bipyridyl)dichlororuthenium(l1) hexahydrate (Ru(bpy)s®*, 99%,
Sigma-Aldrich), 2-(dibutylamino)ethanol (DBAE, 99%, Sigma-Aldrich), ferrocenemethanol
(FcMeOH, 97%, Sigma-Aldrich), and potassium chloride (KCI, 99%, J.T. Baker). Citrate-capped
Ag nanoparticles with diameter 60 £ 7 nm dispersed in 2 mM sodium citrate and citrate-capped Pt
nanoparticles with 30 nm £ 3nm dispersed in 2 mM sodium citrate were both purchased from
NanoComposix (San Diego, CA). Solutions were prepared with nanopure water purified to a

resistivity of 18.2 MQ cm™ (Barnstead Nanopure system, Thermo Scientific).

5.2.2 Electrode Fabrication

The 25 um Au UMEs used for Ag NP collisions and the 5 um carbon fiber electrodes
(CFEs) were both fabricated according to a procedure previously reported by our group.?? A single
wire (25 um Au or 5 um carbon fiber) was aspirated into a borosilicate glass capillary tube (1.2
mm 0.D./0.69 mm 1.D., Sutter). One end of the capillary was sealed shut using a Bunsen burner.

A vacuum line was connected to the open end of the tube and the fiber was sealed using a heating
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coil. Care was taken to avoid bubble formation around the wire. The electrode disk was exposed
by sanding with P-60 and P-220 grade sandpaper. A 250 um diameter tungsten wire was dipped
in Ag paste epoxy (Dupont) and used to make contact to the posterior carbon fiber inside the
capillary. Epoxy (Hysol 0151) was used to secure the tungsten wire to the end of the capillary.

All electrodes were characterized using cyclic voltammetry in 1 mM FcMeOH and 100
mM KCI. A fresh electrode surface was exposed prior to every experiment by polishing with P-

220 grade sandpaper.

523 Imaging Setup

Resazurin, dihydroresorufin, and cathodic ECL experiments employed the same optical
imaging setup. The reporting electrode was submerged in a reservoir of the respective light-
generating solution and was positioned above a glass coverslip using a MP-225 micromanipulator
(Sutter Instrument Co.) The electrode disc was put into focus using an Olympus 1x70 inverted
microscope. The optical signal was collected using a 40x (1.15 NA Uapo-340) water-immersion
objective and recorded using an Andor iXon 897E EMCCD camera cooled to -80° C. The pre-
amplifier gain was set to 5.1x, the readout rate was 10 MHz at 14-bit, and the vertical pixel shift
speed was set to 0.3 ps. The electron multiplier (EM) gain is set to 300 and optical exposure time
was 30 ms unless otherwise noted. Andor SOLIS software was used to record all imaging data.

Andor SOLIS and ImageJ were used for image processing.

5.2.4  Electrochemical Recordings

Correlated optical-electrochemical CVs were driven utilizing a ChemClamp
potentiostat/current amplifier (Dagan Corporation) with a headstage (N=1 for resazurin and

dihydroresorufin, and N=0.01 for cathodic ECL) connected to two Ag/AgCl reference electrodes
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placed in each of the separated bipolar solutions. Electrochemical CVs were recorded using a
custom LabVIEW program which also contained a digital trigger to initiate the potential sweep
and optical recording simultaneously.

Correlated bipolar Ag NP collisions used the same current amplifier while sampling at 100
kHz with a 1322A digitizer (Axon Instruments) and filtering at 10 kHz using a hardware low-pass
Bessel filter. I-t data was recorded using Axoscope 10.0 software (Molecular Devices) and
analyzed in Clampfit 10.7 (Molecular Devices) software.

All experiments were performed inside a grounded faraday cage positioned on top of a

vibration-isolation table.

5.3 RESULTS AND DISCUSSION

5.3.1 Resazurin

Resazurin is a weakly fluorescent redox-active dye (® = 0.11) that can be electrochemically
reduced to the strongly fluorescent species, resorufin (® = 0.75), as shown in Figure 5.2.2% Diffuse
resazurin was classically employed as the light-generation pole for imaging long time-scale
oxidative processes with carbon fiber bundled arrays in our lab's early c-BPI papers.t Given its
previous success, it became a natural first choice for a reporter species when approaching the
present exocytosis c-BPI project.

Figure 5.3 shows an optical cyclic voltammogram of resazurin reduction on a directly
connected (non-bipolar) carbon fiber electrode sealed in glass. The onset potential for light
generation begins at ~ -350 mV. A large optical signal of at least ~2500 counts is produced upon
application of between -1000 mV to -1600 mV, indicative of a wide and stable potential window

for light generation.
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In the following experiments, resazurin reduction was coupled to Ag NP oxidative
collisions across a single bipolar microelectrode to test its capacity for detecting transient oxidative
events. Equation 1 is used to calculate the theoretical driving potential across the bipolar electrode,
where Eanode IS the driving potential on the anodic pole, and Ecathode IS the driving potential on the

cathodic pole of the bipolar electrode.?*

Ebipolar = Eanode - Ecathode (1)

Given that resazurin reduction occurs at ~ -400 V vs. Ag/AgCl, and Ag NP oxidation occurs
between +400 mV and +700 mV vs. Ag/AgCl as found from work in Chapter 3, we would expect
at least 800 mV to be required for this bipolar process. However, the application of more potential
is safe given the stability of both half-reactions at higher overpotentials.

Figure 5.4 shows an experimental diagram for the coupled optical bipolar collisions. The
Ag NP pole was housed in a beaker adjacent to the microscope stage, while the resazurin pole is
kept directly in focus using an inverted microscope and EM-CCD camera. An Au UME was used
for Ag NP collisions because of its superior performance for the reaction, and a carbon fiber UME
was used on the light-generation pole to better mimic the pyrolytic carbon array material utilized
in Chapter 6. Incident Ag NP collisions produce oxidative charge that is compensated by
equivalent resazurin reduction at the opposite pole. Both reactions are necessary to observe any
correlated amperometric signal via circuit completion. Thus, the collision event is converted to the
optical output across the bipolar electrode.

Preliminary results for optical bipolar Ag NP collisions are shown in Figure 5.5 along with

its correlated amperometric trace. Many correlated peaks were measured, but the single peak
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displayed in Figure 5.5 was selected since it had the largest integrated charge with 6000 fC
measured over 50 ms. Despite the large electrochemical signal, the corresponding optical signal
was not detected. Note that the steady decrease in optical counts is due to photobleaching of
resazurin's weak fluorescent background. Additional experiments were performed in the present
experimental configuration, such as by varying the resazurin concentration from 50 — 500 uM and
varying the exposure time from 20 ms to 50 ms; however, the correlated optical signal was absent
in all cases.

Control experiments were undertaken to explore this negative result. Purely
electrochemical bipolar Ag NP collisions were performed using the identical setup shown in Figure
5.4 except without the correlated optical response. We wanted to determine if different conditions
on the light-generating pole could produce stronger electrochemical coupling as evidenced by
larger peaks. However, a stunning result came from a negative control experiment. Nearly identical
bipolar Ag NP collision peaks were recorded for reporting poles either containing resazurin and
phosphate buffer (PB) or just PB (shown in Figure 5.6). We had previously assumed that correlated
bipolar peaks were a direct result of only resazurin reduction, accepting all transferred electrons.
In contrast, this result clearly showed that a second reduction process is occurring that may be
diluting the optical signal due to electrons being transferred to a non-light generating process.

Continued investigation revealed that the mystery electron acceptor on the reporting pole
was due to dissolved oxygen. Room temperature aqueous solutions contain 250 uM dissolved Oz,
which is a large amount relative to the mere 50 pM resazurin used.?® Figure 5.7 shows the
electrochemical response for bipolar Ag NP collisions coupled to PB in the presence of the oxygen
scavenger Na2SOs. Chemical removal of Oz on the reporting pole eliminates the coupled Ag NP

bipolar signal. Results can be nearly reproduced by bubbling PB with nitrogen for 1 hour, although
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some small peaks still remained. It has been previously reported that gaseous purging does not
remove all Oz from solution, which helps to explain this result.?

Results suggested that removal of Oz may improve the optical signal of resazurin. Initial
optical experiments were undertaken utilizing the oxygen scavenger Na2SOs as described above.
However, it was found that Na2SOs chemically reduces resazurin to resorufin even without applied
potential. Instead, an airtight chamber was constructed as shown in Figure 5.8. Here, the UME and
Ag/AgCI reference electrodes were inserted through a rubber septum atop a miniature side-arm
flask. The UME was long enough to be viewed through the bottom of the flask and still remain in
focus using an inverted microscope. Nitrogen was continuously bubbled into the side-arm and out
the rubber septum through an inserted needle.

In Figure 5.9, a constant potential of -700 mV was applied across a directly connected
(non-bipolar) electrode in resazurin solution. Figure 5.9a,b shows how the signal-to-noise ratio
changes without and with N2 purging, respectively. A clear improvement is observed following
O2 removal. The same airtight light-generation pole was then used for correlated optical bipolar
Ag NP collisions. Figure 5.10 shows an example correlated trace. Even still, the N2 purged
resazurin did not produce enough optical signal for single peaks to be resolvable, despite the largest

peak in Figure 5.10 containing 21650 fC over 200 ms.

5.3.2  Exploring the Limits of Resazurin using Dihydroresorufin

In thinking about the failure of resazurin to achieve a biologically useful sensitivity for
bipolar transient events, it was proposed that the weakly fluorescent background may be the
limiting factor. We chose to explore this idea with use of dihydroresorufin (PH2), which has 0
fluorescent background and can be electrochemically oxidized to resorufin following the reaction

scheme in Figure 5.2.% Given that oxidation must occur for fluorescence generation, PHz is not a
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viable reporting species for biological detection. We instead viewed the results as the best possible
outcome for diffuse resazurin detection if the fluorescent background could be removed.

The bipolar detection scheme is shown in Figure 5.11, whereby diffuse Pt NPs catalyze the
hydrogen evolution reaction (HER) upon electrode collision and are couple to PH2 oxidation to
generate fluorescent resorufin on the reporting pole. The PH2 solution contains excess glucose to
chemically reduce resorufin back to PHz, thereby serving as a fluorescent "turn-off" mechanism.?
Correlated optical-electrochemical traces are shown in Figure 5.12. A near-perfect mirrored optical
trace is produced with broadened peak decays. The broad optical decays are likely due to the
combination of this "turn-off" effect and photobleaching.

The success of PHz provides hope for the future of this technology. The smallest detectable
amperometric event for PHz has been identified as 240 fC over 10 ms, occurring at the ~80-second
time marker in Figure 5.12. This minimum charge threshold meets the requirements for chromaffin
cell exocytosis detection, and suggests that successful biological detection may be possible if an
equivalent zero-background reduction pathway is identified for resorufin generation. However,
there remains no clear path towards identifying such a species in literature.

Future work may alternatively employ more advanced optical techniques to reduce the high
fluorescent background of resazurin. All optical measurements reported herein were collected on
an inverted fluorescent microscope with a thick >100 um layer of diffuse resazurin between the
coverslip and reporting electrode surface. Minimizing the thickness may reduce the optical
background, thus improving the signal-to-noise ratio. Alternative imaging setups, such as with
total internal reflectance fluorescence (TIRF) microscopy may also prove advantageous.?’” TIRF
inherently provides high sensitivity and low background measurements which would undoubtedly

improve current limits of detection.
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5.3.3 Cathodic ECL

We next examine cathodic ECL as an alternative light generation mechanism for the
detection of transient bipolar oxidative species. Given the success of anodic ECL in Chapters 4
and 6, one may assume that cathodic ECL would be equivalently applicable. However, there are
irreparable shortcomings for its use in c-BPI that will be described herein.

Cathodic ECL proceeds through a multistep radical mechanism requiring a luminophore
(Ru(bpy)s?*) and a co-reactant.® The selected co-reactant needs to generate a strong oxidizing
agent upon electrochemical reduction which will react with the reduced Ru(bpy)s?* species to form
an unstable radical that emits a single photon upon relaxation.?® While identified co-reactants
include S208%,?° glutathione,® and H202,%! the work herein utilized S208*" due to the extensive
previous literature supporting its use. The multistep radical light-generation mechanism between

Ru(bpy)s?* and S208? is shown below.?°

Ru(bpy)s** + & — Ru(bpy)s* @
Ru(bpy)s* + S208% — Ru(bpy)s** + SO4~ + SO4* (3
Ru(bpy)s" + SO4~ — Ru(bpy)s?*™ + SO4* 4)
Ru(bpy)s**” — Ru(bpy)s** + hv ()

The light intensity of cathodic ECL has been reported as 6-7 times the strength of anodic
ECL.28 Such results are initially promising towards our application requiring high sensitivity.
However, cathodic ECL also requires 12-14 times more electrons transferred than anodic ECL to

produce this more intense signal. Thus, the ECL efficiency (# photons generated / electron
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transferred) is estimated as 0.025, exactly one half of that for anodic ECL (0.05).28 The sensitivity
is therefore expected to be 2x lower.

Cathodic ECL requires a precise balance between luminophore and co-reactant since
Ru(bpy)s?*” is quenched by S20s%.2° Conditions were previously optimized by White et al., which
found the most intense light generation results from a combination of 1 mM Ru(bpy)s?* and 18
mM S2082.2° We also found that the freshness of S20g? is an important parameter in obtaining
intense light-generation. Figure 5.13 includes ECL-CV’s for the optimized condition, utilizing
either fresh S20gs? or 1 year-old S20s%. Results show over a 99% decrease in signal intensity for
the older chemical, emphasizing how the age of S20¢? is a critical factor.

The unavoidable shortcomings of cathodic ECL become readily apparent by studying the
correlated optical-electrochemical CV, as shown in Figure 5.14. The response is quite complex.
Initial signs of light generation occur around -1450 mV whereby both the Ru(bpy)s?* and co-
reactant are reduced simultaneously. The optical intensity reaches a max value at -1580 mV and
only extends to -1635 mV before decreasing in intensity; this process is correlated with the
deposition of long conductive wires on the UME surface, as shown in Figure 5.14c, d. Although
not shown in Figure 5.14, sweeping the potential below -1900 mV leads to the vigorous generation
of Hz bubbles from the reduction of water in the 1:1 H20:AcN solvent.

The most significant limiting factor with cathodic ECL is the small potential window in
which maximum light generation occurs. While it is true that Equation 1 can predict the driving
potential required to couple two half reactions across a bipolar system, there remain
inconsistencies with this in practice. Of particular importance is an observation from the work
performed in Chapter 6. When recording a correlated ECL-CV with a massive array of bipolar

electrodes, we observed that the onset potential can vary up to 50 mV to drive the same reaction
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to its neighboring electrodes.®? It is therefore much preferred to utilize a stable imaging system
wherein the application of much higher overpotential is allowed such as for resazurin reduction,
(as shown in Figure 5.3) or anodic ECL. For example, Figure 5.15 includes a correlated ECL-CV
for the anodic ECL system utilized in Chapters 4 and 6 which demonstrates the stable potential
window extends for at least 600 mV following the initial maximum intensity at 1050 mV.

The small potential window for maximum light generation in cathodic ECL is likely due
to the overlapping microwire formation at the electrode surface. Controlled experiments revealed
this process is due to Ru(bpy)s®* electrodeposition. The removal of Ru(bpy)s?* from the
environment disrupts the optimized ratio of Ru(bpy)s** to co-reactant and leads to a significant
reduction in light output. As a result, the dozens of attempts in utilizing cathodic ECL for the
detection of bipolar Ag NP collisions have failed.

It may be possible to extend the active potential window by utilizing an alternative
luminophore with an electrodeposition potential lower than that of Ru(bpy)s**. However, most
alternative luminophores have lower ECL efficiencies than that of Ru(bpy)s** which further

complicates the selection process.?®

5.4 CONCLUSION

This chapter investigated the applications of diffuse resazurin and cathodic ECL for their
use in cathodic c-BPI toward the detection of transient Ag NP collisions. Unfortunately, both
methods failed to provide successful results. Cathodic ECL is limited by its small light generation
potential window, preventing easy extension to a c-BPI configuration. Of particular interest is the
failure of resazurin due to its high optical background. It is presumed that some resorufin
fluorophores are generated from the correlated Ag NP collisions. Thus, there remains hope that an

alternative imaging strategy may be employed to reduce the optical background of resazurin,
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thereby allowing the collision signal to be detected. Such work is under active investigation from

current members of our lab.
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5.5 FIGURES

Table 5.1. Average Peak Charge and Duration for Biological Exocytosis Targets.

Charge (fC) Half Width (ms)
Chromaffin Cells® 1190 + 90 20 - 200
PC12 Cells® 23.4 +1.86 1.96 £0.13
Neurons® 3.33+0.32 0.092 + 0.06




Figure 5.1. Comparison of Ag NP Peak Charge to Biological Targets.
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Figure 5.2. Schematic of the
Dihydroresorufin Oxidation.
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Figure 5.3. Correlated Optical Cyclic Voltammogram for Resazurin Reduction with a
Directly-Connected (Non-Bipolar) Electrode.

Solution conditions consisted of 250 uM resazurin in 50 mM PB at pH 7.4. Here, the camera's EM
gain was set to 0 to prevent overloading of the camera.

7000 -
6500 -
6000 ~
5500

5000

Fluorescent Counts

4500 ~

4000 -

-1500 -1000 -500 0
Potential (mV)



151

Figure 5.4. Experimental Diagram of Bipolar Ag NP Collisions Coupled to Resazurin
Reduction.

The resazurin (Rz) pole is positioned on top of an inverted microscope to record the optical signal.
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Figure 5.5. Correlated Optical-Electrochemical Responses for Bipolar Ag NP Collision
Coupled to Resazurin Reduction.

A single electrochemical peak is highlighted, since it contained the largest integrated charge of
6000 fC (and therefore the best opportunity for observing correlated optical signal) amongst
dozens that were recorded. Solution conditions consisted of 20 mM KNOs and ~30 pM Ag NP's
on the detecting pole; and 50 uM Resazurin in 50 mM pH 7.4 PB on the reporting pole. 1 V was
applied across the bipolar electrode.
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Figure 5.6. Correlated Electrochemical Bipolar Ag NP Collisions With and Without
Resazurin.

(Top): Ag NP collisions with 20 mM KNOs and ~ 30 pM 60 nm Ag NP's are coupled to a solution
of 50 UM Resazurin in 50 mM PB by applying 800 mV. Roughly the same electrochemical
response is observed on the (Bottom), where resazurin is removed. Results indicate that another
electron acceptor exists in the reporting solution, separate from resazurin.
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Figure 5.7. Correlated Electrochemical Bipolar Ag NP Collisions with Added Na,SO:s.

(Top): Ag NP collisions with 20 mM KNOsz and ~ 30 pM 60 nm Ag NP's are coupled to a solution
of 3 mM NazSOs in 50 mM PB by applying 800 mV. The elimination of signal with addition of
the oxygen scavenger (Na2SOs) suggests that dissolved O2 is the mystery electron acceptor
measured in the bottom of Figure 6. (Bottom): The same setup is employed except with the
addition of 50 M resazurin on the reporting pole. The re-addition of a reducible species recovers
the Ag NP collision signal by allowing the reduction of resazurin.
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Figure 5.8. Airtight Imaging Chamber.

The pictured airtight chamber was utilized for experiments where resazurin was bubbled with
nitrogen. The enclosed chamber prevented re-introduction of Oz from the atmosphere. Resazurin

solutions were purged with N2 for 1 hour prior to experimentation.
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Figure 5.9. Correlated Optical Responses Comparing Ambient vs. N2 Purged Resazurin at
Constant Potential.

Display of the raw optical trace (top) and equivalent signal to noise ratio (bottom) for solutions
containing ambient resazurin (A) and 1-hour N2 purged resazurin (B) at a non-bipolar carbon fiber
electrode held at -700 mV. Solutions consisted of 50 UM resazurin and 50 mM pH 7.4 PB.
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Figure 5.10. Correlated Optical-Electrochemical Responses for Bipolar Ag NP Collision
Coupled to N2-Purged Resazurin Reduction.

All coupled Ag NP collisions failed to produce measurable optical signal, despite the largest peak'’s
integrated charge measuring 21650 fC. Solution conditions consisted of 20 mM KNOs and ~30
pM Ag NP's on the detecting pole; and 50 M resazurin in 50 mM pH 7.4 PB with N2 bubbled for
1 hour on the reporting pole. 1600 mV was applied across the bipolar electrode.
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Figure 5.11. Experimental Diagram of Bipolar Pt NP Collisions Coupled to PH, Oxidation.

The dihydroresorufin (PH2) pole is positioned on top of an inverted microscope to record the
optical signal. Both bipolar electrode poles utilize 5 um carbon fiber electrodes (CFES).
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Figure 5.12. Correlated Optical-Electrochemical Bipolar Pt NP Collisions with PHa.

Pt NP reductive collisions in 10 mM HCIO4 20 mM NaClO4 and ~ 300 pM 30 nm Pt NPs are
coupled to a solution of 100 uM PH2 67 mM Glucose 50 mM pH 7.4 PB by applying 300 mV.
The (top) optical response matches quite well with the (bottom) electrochemical trace.
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Figure 5.13. Comparison of Optical Cyclic Voltammograms for Fresh vs. Old (NH4)2S20s.

Cyclic voltammograms were recorded using 1 mM Ru(bpy)s?* 18 mM (NH4)2S20s8 100 mM
TBAPFs in 1:1 H20/AcN solvent. Conditions were identical except for the use of fresh vs. 1 year-
old (NHa4)2S20s. A 99% decrease in optical signal is observed for the older chemical, highlighting

the importance of this parameter.
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Figure 5.14. Correlated Optical-Electrochemical Cyclic Voltammogram for Cathodic ECL.

The cyclic voltammogram shows results for a non-bipolar electrode submerged in 1 mM
Ru(bpy)s?* 18 mM (NHa4)2S20¢8 with a solvent of 1:1 H20/AcN. (a-d) Show optical frames of the
physical processes occurring during at four separate potentials (-1450 mV, -1580 mV, -1705 mV,
-1875 mV). Notably, maximum light intensity only occurs in the potential window from -1580 mV
to -1635 mV. A rapid decrease in signal intensity is caused by the electrodeposition and growth of
Ruthenium wires.

15000 A. -1450 mV B. -1580 mV

10000

ECL Intensity

5000

T T T T
-1750 -1500 -1250 -1000 -750

C. -1705 mV D. -1875 mV

-200

=400

Current (nA)

-600

1 I T T I
-1750 -1500 -1250 -1000 -750
Potential (mV)



162

Figure 5.15. Correlated Optical-Electrochemical Cyclic Voltammogram for Anodic ECL.

The cyclic voltammogram shows results for a non-bipolar electrode submerged in 5 mM
Ru(bpy)s?* 20 mM DBAE. Notably, the optical signal maxes out from ~1050 mV to 1600 mV,
suggesting that the optical intensity does not significantly decrease in this potential window.
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Chapter 6. EXPERIMENTAL DESIGN AND OPERATION OF
BIPOLAR ECL IMAGING WITH MICROELECTRODE
ARRAYS*

6.1 INTRODUCTION

Chapters 4 and 5 have focused on the development of closed-bipolar imaging toward the
applications of transient measurements, and detection of oxidative species. These studies have
relied on the use of single bipolar-microelectrodes, serving as both the detecting and optical-
reporting poles. However, a notable advantage of bipolar imaging is its capacity to be seamlessly
scaled using arrays containing thousands of bipolar electrodes to enable the spatial mapping of
redox environments.

Bipolar electrode arrays are unique in their wireless design, whereby individual electrodes
are embedded in an insulating membrane with exposed poles contacting the analyte or light-
generating reactions on either side. The application of driving potential produces an equivalent
potential drop at each individual electrode to couple complimentary half-reactions at either pole.
The overall measured electrochemical current is a representative sum of all electrode reactions
occurring simultaneously. However, individual electrode activities can be distinguished by
monitoring the dynamics of the light-generating half-reaction output, using redox-mediated
fluorescence or electrochemiluminescence.

It is advantageous to design bipolar arrays with small, densely packed electrode dimensions
to improve the spatial resolution of the optical measurement. As a point of illustration, we can

think of each electrode in the array as a pixel within a digital camera. Each pixel outputs a single

*This chapter is adapted with permission from:

Anderson, T. J.;* Defnet, P. A.;} Zhang, B. Electrochemiluminescence (ECL)-Based Electrochemical Imaging Using
a Massive Array of Bipolar Ultramicroelectrodes. Anal. Chem. 2020, 92, 6748-6755. Copyright (2020) American
Chemical Society. (I indicates equal contributions)
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intensity value, and by itself is not so useful in accurately representing a scene. Yet shrinking the
pixel size and densely packing thousands of them together allows for increased resolution of
environmental features. Thus, we would equivalently obtain more accurate spatial details of
measured redox environments with small densely packed electrode arrays.

The development of such arrays is facilitated using micro- and nano-fabrication
technologies, enabling the precise control over electrode dimensions, and scalability within the
confines of a silicon wafer. Yet, design approaches must still adhere to the immutable properties
of materials science and physics. Shrinking feature sizes to the nanoscale dimension introduces
unforeseen challenges of material stability and requires iterative development to ascertain a viable
product.

Once a bipolar array is produced, therein lies the non-trivial task of developing an imaging
protocol to enable its use. First, the experimentalist should hope that care was taken to design a
system that is durable, since array imaging requires significant array handling. The utilization of
thin, fragile silicon nitride windows prone to cracking, or thin polymeric membranes prone to
tearing may not be practically useful, despite meeting all other fabrication goals. Second, we must
consider the expected optical output. It is ideal for the intensity across each electrode to be
separately interpretable. However, the overlapping diffusion layers of densely packed electrodes
prevents the use of diffuse redox-mediated fluorophores due to signal overlap, as previously
discussed in Chapter 1. Alternative imaging strategies utilize light-generation methodologies with
short optical lifetimes, such as electrochemiluminescence (ECL), or with the immobilization of
solid-state electrochromic materials.! Lastly, optical sensitivity optimization should consider the

desired temporal resolution due to their inverse proportionality, as discussed in Chapter 4.
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Overall, we herein present the use of a massive array of microfabricated closed bipolar
electrodes (BPEs) for imaging highly dynamic redox processes. This flexible BPE array is 1 x 1
cm? in size and is comprised of 146,522 8 um-diameter carbon UMEs arranged in an ordered
hexagonal lattice pattern with a 28 um electrode spacing. The BPE array can be prepared with
conventional microfabrication tools and has an electrode count over twice that of any individually
addressable electrode array reported in the literature.>® Using ECL as the reporter process (see
Figure 6.1), the electrochemical signal can be optically recorded from all of the electrodes with a
temporal resolution better than 30 ms. The use of ECL also improves the spatial resolution
compared to a fluorescence-based scheme due to the absence of unhindered diffusion of the
reporter species. To our knowledge, this is the first instance of ECL-based electrochemical imaging
on very large, uniform BPE arrays; other array-based studies have reported a similar detection
strategy but either do not focus on spatially resolving the source of the ECL signal° or are
limited to a spatial resolution of ~0.5 mm.!!
The work herein was performed in partnership with Todd J. Anderson (T.J.A.). Tasks were
evenly divided between array fabrication (T.J.A.), and experimental use and data analysis
(P.A.D.). The forthcoming sections will contain content for both halves of the project, as they

appeared in literature.

6.2 EXPERIMENTAL

6.2.1  Array Fabrication

Microelectrode arrays were designed and fabricated by T.J.A, as described herein. A Si
wafer (Silicon Valley Microelectronics) was cleaned by Oz plasma (Glow Research) for 5 min

(175 W, 1 Torr) and spin-coated with SU-8 2050 (MicroChem) photoresist (PR) to yield a 40 um
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thick film. The PR film was baked at 65 °C for 3 min and 95 °C for 6 min followed by selective
exposure on a mask aligner (ABM-USA). The exposed wafer was then subjected to stress
reduction (1 min at 65 °C) and postexposure baking (6 min at 95 °C). The PR film was then
developed in SU-8 developer (MicroChem) for 5 min and rinsed with developer, isopropanol, and
DI water before being spun dry.

The SU-8-patterned wafer was diced into ~2 x 2 cm? chips and hard baked in a tube furnace
(Thermo Scientific) for 40 min at 300 °C under N2 flow, after which the temperature was increased
to 900 °C for 1 h. The furnace was left closed until it had returned to room temperature. Following
pyrolysis, 20 um of Parylene C was deposited over the patterned chips with a Labcoter 2 system
(Specialty Coating Systems) at 175 and 690 °C for the vaporizer and pyrolysis furnaces,
respectively, and a chamber pressure of 35 mTorr. The Parylene C films were annealed for 2 h at
400 °C under N2. A PlasmalLab 100 ICP etcher (Oxford Instruments) was used to expose the
pyrolyzed carbon structures through the overlying Parylene. The processed Parylene films were

released from Si by overnight immersion in 1 M KOH at 100 °C.

6.2.2  Array Preparation for Imaging

A plastic well was epoxied to the array surface for containment of the top analyte solution.
The well was prepared by cutting a 15 mm section from the wide end of a 1 mL pipet tip and
attaching it to the array. The ECL solution below the array was contained on the microscope stage
using a home-built device fabricated from three 1.0 mm thick glass slides (VWR). One slide was
used as the base and two were positioned laterally about 1 cm apart, creating a 1 mm deep channel

for ECL solution containment. Epoxy was used to prevent solution leakage.
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6.2.3  Bipolar Imaging

Potential was driven across the array using a 3-electrode CV-27 potentiostat (BAS) with
three Ag/AgCl electrodes. Two electrodes were placed in the bottom ECL solution, and one was
placed in the top solution. Wires were freshly chlorided prior to each experiment using a 1:1
solution of 70% HNOs and 3 M KCI. The ECL-cyclic voltammogram (ECL-CV) and redox puffing
experiments were recorded on an Andor iXon 897E EMCCD camera cooled to —80 °C with 30 ms
exposure, 300 EM Gain, 5.1x preamplifier gain, 0.3 ps vertical pixel shift speed, and 10 MHz
readout rate. Videos contained 1500 frames with 512 x 512 pixels. An Olympus IX70 microscope
equipped with a 4x (0.1 NA Olympus Plan N) objective was used to image the array. Each pixel
measured 3.92 um, yielding a 4.0 x 106 um? field of view and allowing 6005 full electrodes in
each frame.

The generator-collector and depletion zone imaging experiments were recorded using an
Andor Luca S 658 M EMCCD cooled to —20 °C with 30 ms exposure, 0.6 us vertical pixel shift
speed, and 13.5 MHz readout rate. Videos contained 1500 frames with 658 x 496 pixels. The same
IX70 microscope and 4x objective were used. Each pixel measured 1.03 um, yielding a 3.5 x 105
um? field of view and allowing 507 full electrodes to be viewed in each frame. All videos were
analyzed using ImageJ.

An optically correlated bipolar CV was driven between 100 mM Fe(CN)s* 100 mM KCI
solution on top of the array and 25 mM Ru(bpy)s?* 20 mM DBAE 100 mM phosphate buffer (PB)
pH 7.4 below the array. Potential was scanned from 0 to +2.8 to 0 V vs Ag/AgCI at 200 mV/s
using a CV-27 potentiostat. The current—potential (i-V) trace was recorded using a LabVIEW 2013
program, while the ECL intensity-potential (lec.—¥) trace was simultaneously monitored using

conditions described above.
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In the generator-collector experiment, a 12.7 um diameter Au UME was positioned using
a Sutter MP-225 micromanipulator in 50 mM Fe(CN)s* 1 M KCI solution ~100 pm above the
array surface. A 0.8 V potential was applied on the Au UME vs Ag/AgCl to generate Fe(CN)s* at
the electrode surface. The Fe(CN)e> then diffused to the array surface, which was biased at +2.0
V and underwent electrochemical reduction by coupling to anodic ECL across each closed-bipolar
electrode. The solution used in the ECL experiment was 5 mM Ru(bpy)s?* 20 mM DBAE 100 mM
PB pH 7.4.

To image the depletion zone, a similar procedure was followed as for the above generator-
collector experiment. Important differences include the use of a 50 um Au UME as the generator
electrode and maintaining a stationary electrode position throughout the experiment. The Au
electrodes for both experiments were fabricated by sealing a piece of Au wire in a glass capillary.?
Electrodes were characterized using cyclic voltammetry in 1 mM FcMeOH 100 mM KCI solution.

For the redox concentration mapping experiment, a pulled glass micropipette'?® with a 10
um orifice was immersed in 100 mM KCI solution and was used to inject 100 mM Fe(CN)s> 100
mM KCI solution orthogonally onto the array surface. An Eppendorf Femtojet was used to apply
constant injection pressures for a controlled period ranging from 1 to 10 s with pressures ranging
from 0.5 to 2 PSI. The micropipette was placed ~100 pum above the array surface and remained at
a constant distance for the duration of the experiment. Following each stimulation, Fe(CN)s> was
reduced across the array surface, which was coupled to an anodic ECL process to generate an
optical output. A 2.8 V potential was applied across the array to drive the bipolar reaction. The
solution used in the ECL experiment consisted of 25 mM Ru(bpy)s®* 20 mM DBAE 100 mM PB

at pH 7.4.
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6.3 RESULTS AND DISCUSSION

6.3.1 Fabrication of Bipolar UME Arrays

A bottom-up process was developed to fabricate the BPE arrays. As summarized in Figure
6.2, our method involves making a large, uniform array of carbon UMEs on a Si substrate,
insulating it in a thin Parylene film, and exfoliating the array from the substrate. Several key factors
need to be considered. First, since the array resolution is limited by the electrode size and spacing,
closely spaced UMEs are desirable to attain maximum density. The insulating film must also be
robust and continuous to prevent passage of ionic current. Lastly, the device must be as thin as
possible to minimize electrical discontinuities which could arise from high aspect ratio electrode
geometries. We adapted a procedure from Wang et al.!* to generate large arrays of carbon
micropillars. A high-temperature pyrolysis process turns an array of SU-8 micropillars into an
array of conductive carbon posts. Note from Figure 6.3a,b, however, that the height and diameter
of each micropillar is reduced by a factor of 2 during pyrolysis. This volume loss plays a role in
determining the final device thickness and must be considered by selecting an SU-8 thickness
twice that of the desired micropillar height.

The carbon array was insulated by Parylene C, a flexible coating widely used in the
electronics industry®>’ due to its excellent electrical properties and chemical resistance. A
continuous film may be formed about the carbon micropillars once sufficient growth has occurred
on their sidewalls (Figure 6.3c). The SU-8 precursor structures were hexagonally arranged to
minimize both the edge-to-edge electrode spacing and, by extension, the thickness of Parylene C
required to form a continuous film. The use of a hexagonal lattice arrangement also resulted in a

15% increase in electrode density compared to a square lattice.
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We used thermal annealing to prevent stress fractures in the free-standing membranes after
exfoliation. This annealing process increases the tensile strength and elongation-at-break of the
Parylene film. Melting and reflowing of the Parylene also renders the substance amorphous and
serves to seal any unfilled voids which would result in the passage of ionic current through the
insulating layer during device operation. We used Oz plasma etching to expose the upper carbon
surfaces (Figure 6.3d). A hot KOH solution was used to dissolve the Si and free the devices. No
degradation or etching of the Parylene or electrodes was observed. Note the uniformity of the
electrodes and absence of defects shown in Figure 6.3e,f. A finished device is pictured in Figure

6.30.

6.3.2 Electrochemical Imaging

Electrochemical imaging experiments were performed to characterize the array’s response
dynamics, as well as to explore a previously unreported imaging application. Four unique
experiments are described along with their independent analyses. We quantify the homogeneity of
the ECL response across each array electrode, provide proof for the absence of cross talk,
demonstrate the capacity to image variable redox concentrations, and explore the generation of
depletion zones in confined spaces using a generator-collector apparatus. Overall, we aim to
highlight the excellent performance and broad applicability of our newly fabricated closed-bipolar
array for electrochemical imaging.

We first investigated the homogeneity of the ECL intensity (lecL) on the array by
performing a correlated ECL-CV. Here, bulk 100 mM Fe(CN)s* is placed on top of the array and
coupled to anodic ECL solution below the array by reversibly scanning the potential from 0 to 2.8
V, as shown in Figure 6.4a. Both electrochemical (i—¥) and optical (IecL— ) voltammograms were

plotted in Figure 6.4b. The two signals match well in their overall shape, where both onset



176
potentials begin at ~1.1 V and approach a maximum value at ~2.1 V. Interestingly, the lecL begins
to decrease despite increasing the potential at 2.3 V, possibly due to interference from other redox
reactions such as water oxidation. In Figure 6.4c we observe the optical response of a ~300-
electrode subset of the array during the potential scan. We observe that the IecL at each electrode
is indeed uniform relative to its adjacent electrode neighbors.

We next aimed to determine if crosstalk (electron transfer between neighboring electrodes)
was occurring since it has been reported for previous closed-bipolar array fabrication schemes.*®
Elimination of crosstalk is important to ensure single-electrode spatial resolution. We investigated
this behavior by using a generator-collector setup as shown in Figure 6.5a, similar to the setup
used in our previous work.'® Here, a 12.7 um Au UME was positioned ~100 pm above the array
surface in a 50 mM Fe(CN)s* solution. A +0.8 V potential was applied to the Au UME, producing
Fe(CN)s> which diffused toward the array. The diffusion layer was optically detected across the
biased (+2 V) bipolar array by coupling to anodic ECL.

Upon activation of the generator electrode, a 3-electrode cluster in the array was
immediately illuminated by ECL. The generator electrode was then moved laterally across the
array with a micropositioner and the corresponding array illumination precisely followed its
movement with no perceptible lag. Figure 6.5b displays four illuminated positions. This result
suggests that the relatively constant size of the diffusion layer was uniformly detected. If crosstalk
were present, we would expect to observe overlap of the signal from neighboring electrodes. While
it is possible for toppling of the electrodes to occur prior to Parylene deposition, these occurrences
are easily observable and may be screened out during the fabrication process. Nonetheless, we
verified that the arrays were absent from crosstalk by scanning the generator electrode across

thousands of other array electrodes in subsequent experiments.
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We next aimed to explore our capacity to map variable redox concentrations across a wide
area. Here, we positioned a micropipette filled with 100 mM Fe(CN)e*> ~100 um away from the
array, as shown in Figure 6.6a. A pressure-injection module was used to dispense the Fe(CN)e*> at
pressures between 0.5 and 2 PSI and durations from 1 to 10 s. Reduction of Fe(CN)s* was coupled
to anodic ECL across the bipolar array electrodes which were driven by a +2.8 V bias voltage. In
Figure 6.6b we show an example Fe(CN)s> injection time lapse using 2 PSI for 5 s. Variations in
ECL intensity and illuminated regions are observed depending on the time point during the
injection. The illumination zone begins as a ~150 um diameter cluster at 0.09 s and grows in area
until the pressure is turned off at 5 s, resulting in a zone diameter of ~1 mm. After the pressure is
turned off, the intensity gradually fades due to decreased Fe(CN)s> convection paired with dilution
by the bulk KCI solution. Under constant potential, the lec. fluctuations must be due to local
changes in Fe(CN)s*> concentration. In Figure 6.6b we observe higher Fe(CN)e> concentrations
near the center of the plume during the injection period which implies a faster convective flow
velocity. This is in good agreement with simulations of convective flow profiles from a
micropipette by Unwin and co-workers.?%22
Figure 6.6c compares the maximum intensities from 12 puffing experiments using the
annotated injection pressure and duration conditions. We observe that a high pressure and short
duration (2 PSI, 0.5 s) more effectively delivers Fe(CN)s> to the array compared to a low pressure
over a long duration (0.5 PSI, 10 s). This effect can be attributed to increased convective mass
transfer at higher pressures, thereby displacing more KCI solution from the array surface.?
Overall, these results demonstrate that we can map changing redox concentrations during dynamic

time-resolved redox processes.
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We last examined the time-resolved formation of a redox depletion zone from a generator-
collector setup in a confined space. The experiment used a setup similar to the one shown in Figure
6.5. A major difference was the use of a larger 50 um Au UME with a 2 mm glass sheath held at
a fixed position ~100 pum above the array. An oxidizing potential of +0.8 V was applied to the Au
UME to generate Fe(CN)s* via Fe(CN)s* oxidation which then diffused to the array surface. The
diffusion layer was optically probed on the bipolar array by coupling Fe(CN)s* reduction to the
anodic ECL.

Interestingly, we observed a starkly different behavior than in Figure 6.5. A larger
illumination zone was immediately detected which was indicative of the larger diffusion layer
about the 50 um Au UME. This illuminated area grew to ~400 pum over the first 2 s, with greater
ECL intensity being observed near the center than at the edges. However, beginning at 3 s, the
center of the illumination began to steadily decrease in intensity until a dark depletion zone was
formed directly beneath the Au UME position. Over time, both the illumination and depletion
regions pushed further outward away from the original Au UME location.

We believe the formation of the depletion zone is due to a multistep interaction between
the mass transfer at the Au UME and array electrodes, as illustrated in Figure 6.7a. An initial
oxidation of 50 mM Fe(CN)s* near the Au UME generates Fe(CN)s*> which diffuses radially
outward. Hindered diffusion due to confinement in the ~100 pm microgap steadily decreases the
available Fe(CN)s* at the UME surface. While Fe(CN)s* may continue to diffuse to the UME
from the sides, the center region directly beneath the UME can no longer receive Fe(CN)e*
Therefore, less and less Fe(CN)s* could be generated from this region leading to the formation of

the observed depletion zone, which is shown in panels 2—6 in Figure 6.7b.
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In Figure 6.7c we support this mechanism by creating a heatmap that illustrates how the

ECL intensity of the selected area changes over the recording duration. Importantly, the heatmap
indicates that both the diffusion layer and depletion zones grow radially outward at the same rate
as evidenced by the steady thickness of the IecL ring. This observation suggests that both regions
are controlled by the same diffusion-limited mass transfer process and are likely emanating from
the same UME point source. Consequently, we expect the size of the depletion zone to be directly
influenced by the diameter of the generating UME. Overall, these results demonstrate the excellent

electrochemical imaging capacity of our bipolar array for dynamic time-resolved processes.

6.4 CONCLUSION

In summary, we have successfully fabricated uniform, massive arrays of carbon bipolar
UMEs using a reproducible microfabrication procedure. This process uses carbon pyrolysis and
Parylene deposition to yield an ultrathin freestanding Parylene film containing >140,000 highly
uniform bipolar carbon UMEs. These arrays have been used to study several dynamic processes,
including tracing the motion of an Au UME, imaging the pressure-driven flow of redox species
from a micropipette, and characterizing the generation, diffusion, and depletion of Fe(CN)e> on
an Au UME. The spatial resolution was found to be limited by the size of the bipolar UMEs and
their spacing, which can be further improved by reducing the electrode dimensions and the
interelectrode spacing. The temporal resolution, on the other hand, is limited only by the data
transfer rate of the camera. Our results have further confirmed that microfabricated UME arrays
are uniquely suited to imaging fast and dynamic redox processes. Further efforts are ongoing in
our lab toward the fabrication of viable nanoelectrode arrays, and their use for imaging biological

systems.
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6.5 FIGURES
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Figure 6.1. Reaction Scheme for Bipolar Anodic ECL Imaging.

Diagram of a Reduction Reaction Coupled to a Ru(bpy)s**-Based ECL System with a 2-
(dibutylamino)ethanol (DBAE) Co-reactant Across a Closed Bipolar Electrode



Pattern SU-8 on Si Wafer Pyrolyze SU-8

Si Wafer

”'\ (o0 ¥ o Y Y Y Y Q)
= . e S Ve e ,f{gg*{\?éﬁf/ )
( /’-g (Ta(Ta (7= /"/\/}‘( ,x/_( \/\/\(\(\J
N (K fég-g.\(\-/. C 5 < =
i g S S g S G { ﬂ
i /4(£ {g-\/ (7= /\ ‘ ( j

Release Membrane in 1 M KOH Expose Electrodes via RIE Deposit and Anneal Parylene C

Figure 6.2. Flowchart Illustrating Bipolar Electrode Array Fabrication Process.
Note that feature sizes are drawn to scale relative to each other.
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Figure 6.3. High-Resolution Images of Electrode Array.

(a) SEM images of SU-8 micropillars (18 pum diameter, 40 um height) on Si, (b) pyrolytic carbon
micropillars (8 um diameter, 18 um height), (c) carbon micropillars coated in a 20 um Parylene C
film, and (d) a portion of the pyrolytic carbon micropillars exposed. (e) Brightfield optical
micrograph of the reporting surface of the array. (f) Close-up view of the array surface. (g)
Photograph of a freestanding bipolar UME array.
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Figure 6.4. Correlated Optical and Electrochemical Cyclic Voltammetry.

(a) Schematic of an ECL-CV coupling 100 mM Fe(CN)s* to anodic ECL across the bipolar array.
Potential was swept from 0 to 2.8 to 0 V at 200 mV/s. (b) Correlation of the electrochemical (i—7)
and optical (IecL.—V) signals. The i-V signal is representative of the whole array, while the optical
signal was averaged across a ~300 electrode subset, including the inactive substrate between
electrodes. (c) ECL response from a ~300 electrode subset demonstrating the homogeneity of the
IecL at each electrode for the described potentials.
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Figure 6.5. Generator-Collector Imaging of Ferricyanide Diffusion Layer.

(a) Schematic showing the anodic ECL detection of a diffusion layer on an UME. Fe(CN)s* is
oxidized on a 12.7 pm Au UME at +0.8 V to produce Fe(CN)s>.The incident Fe(CN)&> on the
array is detected by ECL at +2.0 V bias voltage. As the UME is moved laterally across the array,
the detected diffusion layer precisely follows the UME movement. (b) Optical frames displaying

the UME’s diffusion layer movement.
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Figure 6.6. Imaging the Injection of Ferricyanide onto the Array.

(a) Schematic displaying the injection of Fe(CN)s> from a micropipette onto the array. Fe(CN)s>
was detected by coupling to anodic ECL across the biased bipolar array (+2.0 V). (b) Time-lapse
images of a single injection using 2 PSI for 5s. The variable ECL intensities are due to the detected
heterogeneity in Fe(CN)s* concentration. (c) Maximum intensity frames collected during 12
independent injection experiments using the described injection pressure and duration conditions.
The calibration bar to the right of (c) describes the ECL intensity for panels b and c.
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Figure 6.7. Imaging the Depletion Zone Formation in a Thin Electrochemical Cell.

(a) Schematic showing the formation of a depletion zone in a generator-collector setup. Fe(CN)s*
is oxidized on a 50 um Au UME generating Fe(CN)s>.The incident Fe(CN)s> on the biased array
(+2.0 V) is visually detected by anodic ECL. A dark redox depletion zone is formed due to the
consumption of Fe(CN)s* in the ~100 um microgap between the UME and array. (b) Progression
of the ECL response during the depletion time lapse. (c) Heatmap generated using the section of
the array enclosed in the dotted white box on the left. The result on the right shows the average
intensity at each distance within the selected region for the duration of the video. The calibration
bars on the left and right of the heatmap are both in units of lecL.
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