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Chemistry

This dissertation covers the development of microfabricated bipolar ultramicroelectrode arrays
consisting of many thousands of individually addressable electrodes to enable high resolution
electrochemical imaging. Two different devices are presented and discussed prior to
characterization in several proof-of-concept experiments, after which one of the array designs is
utilized in the creation of a high-throughput electrocatalyst screening platform. Additionally, a
micromachining procedure for the fabrication of glass-supported solid-state nanopore substrates is
introduced.

Chapter 1 opens with an introduction to various electrochemical imaging techniques and
examines bipolar coupling to an optical reporter reaction as a method for simultaneously reading

the current through very dense electrode arrays. The advantages of such a scheme are further



explored from the perspective of efficient electrocatalytic screening before the chapter concludes
with a discussion of possible solutions to the issues associated with high frequency biomolecule
detection via resistive pulse sensing in solid-state nanopores. Chapter 2 then presents a submicron
bipolar microelectrode array design which utilizes interfering laser beams to generate the requisite
periodic electrode patterns. The shortcomings of this design are addressed in Chapter 3 with the
fabrication of an updated device which is used to image several dynamic electrochemical systems
via an alternate imaging scheme. This updated device is further utilized in Chapter 4 as a platform
for highly parallelized screening of compositionally varied electrocatalyst samples. Chapter 5 then
closes this dissertation with the introduction of a novel microfabrication method for freestanding
SiNx membranes on glass chips as a means of eliminating the capacitive noise effects associated

with semiconductor/insulator interfaces in high bandwidth solid-state nanopore measurements.
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Chapter 1
INTRODUCTION

1.1 ELECTROCHEMICAL IMAGING PRINCIPLES

Electroanalytical measurements are most often carried out by immersion of two or three electrodes
in a solution to form an electrochemical cell. The working electrode surface is biased by an external
power source with an electrochemical potential relative to the surrounding solution to induce the
flow of charge (i.e., electrical current) across the electrode/solution interface via oxidation or
reduction of a dissolved redox species. The potential of the working electrode is measured relative
to a known redox half reaction occurring at the surface of a reference electrode. A counter electrode
may also be utilized for cells involving macroscale working electrodes to provide a path for the
majority of the electrical current to pass through the cell without disrupting the stability of the
reference electrode by passing current through it. The current response to the applied potential at
the working electrode surface can provide rich information about both the chemical properties and
concentration of dissolved analytes but is limited to probing the electrode’s immediate
surroundings. Consequently, measurements must be taken at multiple locations to image the redox
activity of spatially heterogeneous electrochemical systems.

Scanning probe techniques provide the most straightforward means of achieving spatial
resolved electrochemistry, with scanning electrochemical microscopy (SECM) being the first and
most prolific.! In this electrochemical imaging method, a miniscule electrode scanned at a constant
height over a substrate of interest which has been immersed in an electrolyte solution while the
potentials of the electrode and substrate are separately controlled by a bipotentiostat. The resulting

current response of the electrode is then correlated with its lateral position above the substrate to



map the latter’s redox behavior. Parallel techniques have also employed a variety of other probes
to enable electrochemical imaging. In scanning ion conductance microscopy (SICM), a
micropipette housing an electrode is scanned across a substrate surface and its z-height controlled
to maintain constant ionic current through the pipette orifice, thereby enabling mapping of the
substrate topography and conductance.? Scanning electrochemical cell microscopy (SECCM)
makes similar use of a micropipette filled with electrolyte solution as the probe but is not carried
out over an immersed substrate; instead, a droplet of solution at the pipette tip is stepped across
the conductive substrate surface to repeatedly form a tiny electrochemical cell in which the portion
of the substrate wetted by the solution functions as the working electrode. However, the
prohibitively long time required to compile a sufficient number of scans to resolve a region of
interest limits the applications of these methods to the study of steady-state systems. Optical
detection of redox products provides an alternate scheme which does not suffer from the same
temporal limitations*® but is ultimately hindered by the finite number of reactions which generate
an optical signal loss of resolution due to free diffusion of the detected species; the use of a pH-
dependent fluorescent tracer species to monitor reactions which alter solution pH is similarly
constrained.”®

Arrayed measurements provide a more flexible approach to electrochemical imaging in
which the current responses of an arrangement of multiple individually addressable electrodes are
recorded in tandem.'* This introduction of parallelization enables the study of dynamic systems
since each electrode provides a continuous stream of information from a single location, but the
fabrication of very large and dense arrays necessary for high resolution imaging is extremely
challenging due to the number of leads required to make electrical contact with all of the

constituent electrodes. Additionally, the maximum addressable size of such arrays is restricted by



the number of data channels supported by the data acquisition system; consequently, many studies
have only been able to make use of smaller subsets of large arrays'®!! or are limited to sequentially
sampling of groups of electrodes.*®** An alternative method of monitoring the current response of
many electrodes in parallel is therefore of great importance to further expanding the resolution and

capacity of electrochemical imaging with electrode arrays.

1.2 BIPOLAR ELECTRODE ARRAYS

Bipolar electrodes (BPEs) comprise a unique type of electrochemical system that differs from the
conventional setup described in the previous section in that the potential difference between the
electrode and solution is determined by the electric field in solution rather than by direct control
from an external power source.® In an open bipolar system, a floating potential conductor is placed
in solution between two driving electrodes which are biased relative to one another, thereby
resulting in polarization of the conductor and a difference in potential between any two points on
its surface equal to the potential drop of the electric field across this same distance. If such a
potential difference exceeds the difference in formal potentials of two redox molecules in solution,
the corresponding oxidation and reduction half reactions of these species will occur on opposite
ends of the BPE. To maintain a state of electroneutrality, the relative rates of these reactions will
be linked to one another such that electrons generated by the oxidation reaction on the anodic pole
will flow directly through the electrode to drive the reduction reaction on the cathodic pole. Thus,
the current from a redox reaction of interest can be monitored in a completely wireless fashion via
coupling to a separate reporter reaction without the necessity for direct electrical contact. The
Crooks group has made extensive use of such a scheme in which oxidation and subsequent
dissolution of a series of metal bands patterned on the surface of an open BPE serves as a visual
indicator of the rate of a coupled reduction reaction.®1° However, due to the parallel ionic current
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pathway which exists in an open bipolar system, relatively large electrodes are necessary to yield
a sufficient potential difference between their poles to achieve reaction coupling without the
application of extremely high voltages. This requirement greatly limits the maximum achievable
density of open BPE arrays.

Closed bipolar systems operate on a similar principle to their open bipolar counterparts,
but the aforementioned parallel ionic current pathway is not present.?%?! Instead, a driving potential
is applied across a floating potential conductor embedded in an insulating substrate and exposed
at either end to two segregated solutions. Because there is no path for current to travel through the
system except through the BPE, the majority of the voltage drop between the driving electrodes is
observed at the BPE/solution interface rather than occurring linearly along the electrode’s length,
thereby rendering the size of the electrode irrelevant when determining the potential difference
between its two ends. Consequently, closed BPEs are well-suited to the creation of dense arrays
of micro- and nanoscale electrodes which are necessary for high resolution electrochemical

imaging.

1.3 OPTICAL IMAGING VIA BIPOLAR COUPLING

Fluorescence-enabled electrochemical microscopy (FEEM) is an electrochemical imaging
technique introduced by our group in 2013 which utilizes arrays of closed BPEs to couple a redox
reaction of interest to a fluorogenic reporter reaction.?? This reporter reaction has typically been
the reduction of resazurin to fluorescent resorufin, although the oxidation of dihydroresorufin to
resorufin has also been used to monitor reduction processes.? In both of these detection methods,
each analyte molecule which is oxidized or reduced on the detecting pole of a BPE results in the
production of a stoichiometric number of fluorogenic species on the reporting pole which each
emit a continual stream of photons in response to incident excitation light. As a result of this

4



amplification effect, the current through each electrode is proportional to the derivative of the
fluorescence intensity so long as the limiting reaction occurs on the detecting side of the array.
FEEM has already been utilized in conjunction with BPE arrays fabricated from bundles
of carbon fibers insulated in epoxy to resolve a number of dynamic electrochemical phenomena
including heterogeneity of electrocatalytic activity,?? the convective flow of a redox molecule
solution from a micropipette,?? and the diffusion layers about an ultramicroelectrode (UME).?*
However, the spatial resolution achieved with these arrays was negatively impacted by the poor
uniformity and crosstalk due to aggregation of the constituent carbon fibers. To address these
shortcomings, the construction of microfabricated arrays with geometrically arranged microscale
electrodes was explored. The development and characterization of two different massive closed
bipolar UME array platforms utilizing micromachining methods is discussed in Chapters 2 and 3.
Although the generation of a fluorescent moiety provides an effective means of monitoring
electrochemical processes with an optical signal via bipolar coupling, free diffusion of reporter
molecules away from their electrodes of origin results in a loss of spatial resolution and
accumulation of fluorescent background (which is discussed in greater detail in Chapter 2).
Electrochemiluminescence (ECL), which has already been extensively utilized in biosensing
applications,?® has therefore been investigated as an alternative reporter reaction for optical
imaging with BPE arrays to maximize the spatial resolution of this scheme. In the anodic ECL
mechanism which was selected, simultaneous oxidation of Ru(bpy)s** and a 2-
(dibutylamino)ethanol (DBAE) coreactant at the electrode surface is followed by deprotonation of
the resulting DBAE radical cation to form a strongly reducing radical species which interacts with

2+*

the oxidized Ru complex to yield an electronically excited Ru(bpy)s“*" which then relaxes to the

ground state via emission of a photon. Because this light results from the rapid interaction of



multiple reaction intermediates produced at the electrode surface rather than subsequent excitation
of an untethered fluorophore, this optical signal is confined to the electrode surface and is free of
any luminescent background. Additionally, the consistent ratio between the number of electrons
generated via initial oxidation of the ECL precursors and the number of emitted photons results in
a directly proportional relationship between the current through the electrode and the optical signal
emanating from its surface. Indeed, ECL systems have already been utilized in conjunction with
both open? and closed bipolar electrode arrays?>’~° as reporter reactions, but the applications of
these devices have been limited to either sensing or very low resolution imaging (~0.5 mm).
Electrochemical imaging utilizing an ECL reporter reaction with massive bipolar UME arrays is

therefore discussed in Chapter 3 and carried out in several proof-of-concept experiments.

1.4 HIGH-THROUGHPUT ELECTROCATALYTIC SCREENING

Heterogeneous electrocatalysts are electrode materials which lower the energy barrier for a
reaction of interest by altering the interaction of the reactant species with the electrode surface;
this lower energy barrier is usually manifested as a reduction in the magnitude of the potential
which must be applied to the electrode to drive the reaction. The development of new
electrocatalysts is of particular importance to the generation of hydrogen via electrochemical water
splitting (the hydrogen evolution reaction, HER) for clean energy applications.®*2 High-
throughput screening of electrocatalyst candidates is typically carried out via a combinatorial
approach®-® in which large libraries of compositionally varied samples are synthesized and
subsequently screened for catalytic activity toward a specific reaction by measuring the current
onset potential or current density at a specific applied voltage. Since the efficiency of a particular

method is governed by both the library synthesis time and the parallelization of the scanning



method, new techniques for streamlining both of these steps are of interest in informing the
discovery and optimization of new electrocatalysts.

The most commonly used library synthesis method is distribution aliquots of conductive
inks loaded with known electrocatalyst compositions®®2’ or solutions containing known
concentrations of multiple metal salts which are subsequently reduced to yield alloys.34°
However, these techniques are fairly time consuming due to their sequential nature. The generation
of continuous gradients in electrocatalyst composition via physical vapor deposition (PVD)*4°
provides a more attractive method for the rapid generation of a large electrocatalyst libraries in a
single experiment, but the required instrumentation is prohibitively expensive. All of the
electrochemical imaging techniques outlined in Section 1.1 have been adapted into high-
throughput electrocatalyst screening platforms (i.e., scanning probe techniques,*® optical detection
of redox products,®4247-%0 individually addressable electrode arrays>¢-3"4347:51-54) byt nevertheless
suffer from the same issues regarding data collection time, poor resolution/crosstalk, and a limited
number of data channels, respectively. Screening of electrocatalyst samples deposited on both
opent™194455 and closed®®>’ bipolar electrode arrays has been successfully carried out, but none
of these studies have made use of arrays comprised of more than a handful of electrodes and only
two have utilized an optical reporter reaction. A high-throughput electrocatalyst screening
platform utilizing an ECL-based readout of the HER activity of electrocatalyst candidates

deposited on massive bipolar UME arrays via a novel gradient electrodeposition method is

therefore described in Chapter 4.

1.5 GLASS SOLID-STATE NANOPORE SUBSTRATES

Because of the electrical circuit which connects the electrodes of an electrochemical cell, each
electron which is removed when a dissolved species is oxidized on the anode is replaced by a

7



corresponding reduction half reaction occurring at the cathode. This movement of electrons from
the anode to the cathode results in a charge imbalance about the two electrodes and the formation
of an electric field which induces the movement of dissolved ions (i.e., ionic current) to equilibrate
the charge distribution in solution. If the solutions about the anode and cathode are separated by
an impermeable membrane which may be traversed through a single nanopore, this constriction
will function as a resistor to ionic current and thereby impede the flow of electrical current through
the entire electrochemical cell. The ionic current through the pore may therefore be detected by
simply monitoring the current through the rest of the system.

Should a particle in solution enter the pore due to Brownian motion, pressure, or electric
field effects such as electroosmosis or electrophoresis, the flow of ions will be disrupted and a
transient decrease in electrical current will be observed with a magnitude dependent on the size of
the particle relative to the pore. If the dimensions of the pore are known, this characteristic resistive
pulse can be used to detect and size the obstructing particle in a scheme referred to as a Coulter
counter®® as well as determine other properties such as particle concentration, zeta potential, and
electrophoretic mobility.>® Our group has also demonstrated that the extremely high electric field
which is concentrated at the pore orifice (on the order of 10° V/m, depending on the pore
geometry®®) can further enable open bipolar coupling of redox reactions on translocating metal
nanoparticles.5!

One of the most notable applications of the Coulter counter principle is the sequencing of
single-stranded deoxyribonucleic acid (DNA) via the characteristic resistive pulses exhibited by
the individual nucleotide bases during translocation.®? These measurements have most often been
carried out using biological nanopores comprised of transport proteins embedded in lipid bilayers,

but the use of solid-state nanopores provides an interesting alternative due to the elevated signals



elevated signal levels exhibited by these devices relative to their biological counterparts (over one
order of magnitude increase®®). Solid-state nanopores for DNA sequencing are typically fabricated
by drilling a pore several nanometers in diameter through a thin insulating membrane (e.g., SizNa4
or SiO2) supported on a microfabricated chip. Because the free-running translocation of DNA
typically occurs at a rate of ~20 megabases per second,®® current measurements must be carried
using bandwidths of ~20 MHz which precludes the use of traditional Si substrates as membrane
supports since the capacitance associated with semiconductor/insulator interfaces during high
bandwidth measurements results in unacceptably high dielectric noise levels.®*® Several studies
have reported freestanding membranes suspended on amorphous glass or glass-on-Si substrates,
but most use the membrane as a stop layer for dissolution of the underlying material®®-%° which
could result in undesired pitting or thinning of the membrane material; others describe manual
transfer of the individual membranes to the supporting chips,%>7°" thereby impeding mass
production of the devices. Chapter 5 closes this dissertation by describing a novel wafer-scale
microfabrication process for glass-supported free-standing SiNx membranes fabricated via direct
deposition over apertures in the supporting chips using plasma-enhanced chemical vapor

deposition (PECVD) without any intervening transfer or wet etching steps.
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Chapter 2
SUBMICRON BIPOLAR ELECTRODE ARRAYS VIA LASER

INTERFERENCE LITHOGRAPHY

2.1 INTRODUCTION

Electroanalytical methods in which the current response of an electrode held under a potential bias
is used to monitor the local environment about the electrode are an excellent tool for the study of
dynamic redox systems. Indeed, methods such as chronoamperometry have been widely utilized
to investigate transient electrochemical phenomena ranging from discrete neurotransmitter
exocytosis events'? to single nanoparticle collisions on the surface of an ultramicroelectrode
(UME).>® However, while the temporal resolution of such techniques is able to reach
submillisecond levels,®” no spatial information about the system of interest is gained without
taking measurements at multiple locations. Scanning probe methods such as scanning
electrochemical microscopy (SECM),® scanning ion conductance microscopy (SICM),® and
scanning electrochemical cell microscopy (SECCM)X have been proposed to address this
shortcoming, but all suffer from loss of temporal resolution due to the requisite scanning time.
Individually addressable electrode arrays in which each element acts as a separate data channel
provide an excellent alternative for imaging the electrochemical activity of spatially and
temporally heterogenous redox systems,'*> but size of the data generated in such a scheme
necessitates compromises between the imaging area, spatial resolution, and bandwidth.
Fabrication of large and dense arrays is also very challenging due to the large number of leads
which is required to make electrical contact with all of the constituent electrodes. An alternative
strategy for monitoring the electrical current through the individual electrodes of an array in

parallel is therefore of great utility in achieving high spatial and temporal imaging resolution.
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Fluorescence-enabled electrochemical microscopy (FEEM) is an electrochemical imaging
technique previously introduced by our group to address this parallelization issue by enabling
optical reading of the current through dense electrode arrays.*® In this method, an electric field is
applied across a floating-potential conductor connecting two segregated solutions to couple a
redox reaction of interest to a complementary fluorogenic indicator reaction (initially resazurin
reduction fluorescent resorufin to monitor oxidation reactions, but eventually extended to
dihydroresorufin oxidation for reduction reactions®’). Electrons passing through such a closed
bipolar electrode (BPE) thereby yield an optical signal which enables virtually any electrochemical
process to be monitored via a fluorescent signal. The sensitivity of this scheme is also greater than
would otherwise be achievable through the collection of electric current alone due to signal
amplification from the continual stream of photons that is generated for each electron (see Scheme
2.1). Electrochemical imaging may be carried out using this technique if a large number of bipolar
electrodes are arranged in parallel to form an array. Indeed, arrays of thousands of ~6 pm diameter
carbon fibers (CFs) insulated with epoxy have already been used by our group to image
electrochemical processes including the relative electrocatalytic activity of Pt deposited on the
surface of a CF array'® and the diffusion profile about a 10 um diameter CF electrode.'® However,
due to uneven electrochemical response and poor uniformity arising from aggregation and
crosstalk between the constituent fibers, ordered arrays of miniscule electrodes are desirable to
expand the range of research targets which may be investigated using FEEM.

To this end, laser interference lithography (LIL) has been employed to produce high-
resolution arrays comprised of thousands of electrodes. This maskless photolithographic technique
has been widely utilized since its introduction in 1978 for the production of large-scale patterns

of repeating nanoscale structures,?® with a number of applications appearing in the field of
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plasmonics.?Y2 LIL is carried out by mounting a substrate coated in a thin photoresist film to a
stage on which a mirror has been affixed perpendicular to the sample. An expanding laser beam is
then directed toward the stage so that light is reflected by the mirror to the substrate at the same
angle as the directly incident light (Scheme 2.2a, the “Lloyd’s mirror” configuration). Interference
between intersecting wavefronts from both beams results in the formation of a pattern of regularly

spaced bright and dark fringes, the period of which is given by Equation 2.1 below,

A=-—2 (2.1)

" 2sinf

where 4 is the wavelength of the laser and 4 is the angle of incidence of the laser on the mirror. If
the resist surface is subjected to two separate exposures oriented 90° to one another, grid patterns
exhibiting size and spacing on the same order as the laser wavelength may be generated for use as
electrode array templates (see Scheme 2.2b). Indeed, LIL has been applied to the fabrication of
large metal nanoelectrode and nanostructure arrays,?2’ but none of these arrays are comprised of
individually addressable electrodes. Standard micromachining processes have therefore been
utilized in conjunction with LIL patterning to produce arrays of thousands of individually

addressable submicron BPEs.

2.2 EXPERIMENTAL SECTION

2.2.1 Chip Fabrication

A (100) Si wafer (Rogue Valley Microdevices) coated in 1 um low-pressure chemical vapor
deposited (LPCVD) SiNx was first RCA cleaned by immersion for 10 min in a 1:1:5
(NH4OH:H202:H20) solution @ 75°C followed by 10 minutesina 1:1:6 (HCI:H202:H.0) solution
@ 75°C. This wafer was then treated in a hexamethyldisilazane (HMDS) oven to promote resist

adhesion and then spin coated with AZ 5214E (Microchemicals) @ 4000 rpm and patterned via
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photolithography using a custom mask (Photosciences). The exposed nitride was dry etched with
a Vision RIE parallel-plate reactive ion etcher using a recipe of 10 sccm CHF3 and 40 sccm CF4
@ 40 mtorr and 225 W, after which the wafer was anisotropically etched in a 30% KOH solution
to yield 50x 1 cm x 1 cm chips with a 50 um x 50 um SiNx window exposed in the center of each.
A 200 nm Al film was then deposited on the chips to completely coat the underside of the windows

using a custom built thermal evaporator.

2.2.2 BPE Array Fabrication

After an initial RCA clean step, 35 nm of Cr was thermally evaporated directly onto the SiNy
surface of the windowed chips, after which the chips were dehydrated on a hot plate for 20 minutes
@ 200°C before being spin-coated twice with a 1:4 (HMDS:PGMEA) solution @ 4000 rpm, once
with 1:1 (AZ 1505:PGMEA) (Microchemicals) @ 4000 rpm, and then soft-baked for 1 min to
evaporate excess solvent. The coated chips were then mounted perpendicular to a UV-reflective
mirror (Thorlabs) and exposed twice with a 90° rotation of the chip carried out between exposures
using an 1K3201R-F 325 nm HeCd laser (KIMMON KOHA) mounted 122 in. from the sample
stage. Exposures were carried out with the mirror oriented 11.4° to the incident laser beam. A
spatial filter with a 13x objective and a 10 um pinhole (Newport) mounted 59 in. from the laser
was used to clean and expand the beam. Exposure time was controlled using a Model T132 shutter
driver/timer (Vincent Assoc.) mounted between the spatial filter and the sample stage. The energy
dose delivered to the sample surface was calculated to be 10.0 mJ/cm? using a PM100D power
meter (Thorlabs). Subsequent to exposure, the chips were developed by immersion in AZ 300 MIF
(Microchemicals) for 1 min, followed by two rinses in DI water for 1 min each. The patterned
surfaces were descummed via 27.5 sccm O2 plasma @ 40 mtorr and 60 W to generate arrays of

holes using a Solarus Advanced Plasma Clean System (Gatan), after which the base Cr film on
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each chip was etched by covering the surface with Cr 1020 chromium etchant (Transene) for 20
sec followed by two DI water rinses for 1 min each. The photoresist was then removed by
immersion in acetone for 5 min followed by 20 min of O plasma cleaning (same parameters as
listed above). The patterned Cr layers were then used to etch the underlying SiNy windows in the
Si chips with the same RIE instrument and nitride etch recipe which has been previously described.
Layers of Au (50 nm) and Ti (650 nm) were then deposited onto the chips to fill the holes using
an SEC-600 e-beam evaporator (CHA Industries), after which the overlying metal films were lifted
off by immersion in Cr 1020 etchant for ~24 hrs. As a final step, the Al backing on each window
was removed by applying a 73% : 3.1% : 3.3% : 20.6% (H3PO4:HNO3:CH3COOH:H-0) solution

to the backside of the chips for 10 min.

2.2.3 Cyclic Voltammetry and Fluorescence Coupling

Potential was driven across the arrays using an EG&G Princeton Applied Research Model 175
universal programmer with two Ag/AgCIl electrodes. Wires were freshly chlorided prior to each
experiment using a 1:1 solution of 70% HNO3 and 3 M KCI. The fluorescence coupling experiment
was recorded using an Andor Luca S 658M EMCCD cooled to -20 °C with 30 ms exposure, 0.6
us vertical pixel shift speed, and 13.5 MHz readout rate. Videos contained 1000 frames with a
maximum resolution of 658x496 pixels which was cropped to the array surface. An Olympus 1X70
inverted microscope with a 1000x objective was used to image the array. All videos were analyzed
using ImageJ.

Arrays were prepared for use by epoxying the base of a 1 mL plastic pipettor tip cut to ~1
cm in length to the face of each device to contain the solution on the detecting side of the array;
the opposite side was immersed in a drop of reporter solution placed on a glass microscope slide.

Cyclic voltammetry was carried out using the previously mentioned setup to apply a driving

23



voltage of -0.2 to 0.6 V vs. Ag/AgCl at 100 mV/s to couple 1 mM ferrocenemethanol 100 mM
KCI to 1 mM Ks[Fe(CN)s] 100 mM KCI across the array. Fluorescence coupling was carried out
using a driving voltage sweep of 0 to -1 V vs. Ag/AgCl at 100 mV/s to couple the 1 mM
Ks[Fe(CN)s] 100 mM KCI above the array to 50 uM dihydroresorufin 0.5 M NaOH below the

array.

2.2.4 Characterization

All etching processes were monitored and characterized with a Bruker Dimension Icon atomic
force microscope (AFM) using the contact-mode ScanAsyst function. Sample characterization was
also carried out on a XL 830 Dual-Beam Scanning Electron Microscope (FEI). Film thicknesses

were measured using a Dektak profilometer (Bruker).

2.3 RESULTS AND DISCUSSION

2.3.1 Array Fabrication

SiNx window chips which have been widely used as nanopore substrates?®-3® and transmission
electron microscopy (TEM) sample supports**" were selected as the BPE array substrates due to
the low stress of low-pressure chemical vapor deposited (LPCVD) SiNx which enables the creation
of freestanding membranes of nanoscale thickness®; this minimal substrate thickness is necessary
for the creation of arrays of submicron BPESs due to the challenges associated with depositing metal
into very high aspect ratio pores to form the constituent electrodes. Fabrication of these chips was
carried out by first patterning a series of 792 um squares surround by dicing borders through the
surface coating of a (100) Si wafer with 1 um LPCVD SiNx film on each side using
photolithography and reactive ion etching (RIE), after which the wafer was immersed in hot KOH

solution. Because KOH preferentially etches the (100) crystal face of Si ~400 times faster than the
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(111) crystal face (oriented 54.74° from one another), pyramidal holes were etched through the
chips to form 50 um x 50 um windows beneath the SiNx on the opposite side, thereby yielding a
series of freestanding membranes; KOH etching of the dicing borders also released the individual
chips from the wafer.

To facilitate fabrication of BPE arrays in the suspended SiNx membranes (see Scheme 2.3),
a layer of Cr was evaporated over the upper flat surface of each chip and a layer of Al over the
opposite KOH etched side, after which the chip was spin coated with photoresist and exposed
twice via LIL with a 90° rotation carried out between the exposures. The resulting arrayed hole
pattern was transferred into the Cr film by wet etching to form a hard mask for RIE of the
underlying window to the Al on the opposite side. Figure 2.1a shows an example of the RIE results
with a cross-section of an etched pore shown in Figure 2.1b. Note the verticality of the sidewalls
which is characteristic of the anisotropic dry etching. Au (50 nm) and Ti (650 nm) were then
evaporated over the surface and into the etched holes where the Al backing enabled accumulation
of the deposited metal and prevented it from passing straight through the etched membrane. Ti was
used instead of Au alone to enhance adhesion to the surrounding SiNx and to reduce the cost of
such a thick metal film; Au was used for the anodic poles of the electrodes to eliminate the
possibility of Ti oxidation on this surface. Note that it was necessary to carry out the Ti evaporation
at a relatively slow rate (0.7 A/s) to minimize gradual constriction of the pores during deposition
(Figure A1) which resulted in a conical electrode geometry (Figure A2). The fabrication process
was finished by removing the Al backing and lifting off the Au/Ti layer on the upper chip surface
via dissolution of the underlying Cr. The resulting arrays consist of ~3900 BPEs (500 nm diameter,
800 nm period) arranged in a rectangular lattice configuration. Scanning electron microscopy

(SEM) imaging of the array surface revealed well-ordered arrays of distinct BPEs and with no
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residual metal bridging between any of the electrodes on the upper insulator surface after lift off
(see Figures 2.2a,b). The absence of any apparent missing electrodes indicates that good adhesion
was achieved between the deposited metal and the SiNy sidewalls. Figures 2.2c shows a completed
device with the LIL-patterned region in the center exhibiting the observed iridescence. Note that
while this portion of the surface is ~25 mm? in area, the actual electroactive surface of the bipolar
array (shown in Figure 2.2d) is limited by the mechanical stability of the freestanding membrane

and comprises only ~0.01% of the patterned region.

2.3.2 Cyclic Voltammetry and Fluorescence Coupling

Initial electrochemical characterization of these BPE arrays was carried out via cyclic voltammetry
(CV) to couple ferrocenemethanol oxidation to Fe(CN)e> reduction. While the CV shown in
Figure A3 demonstrates the onset of coupling at ~0.3 V and reasonable stability over the course
of multiple scans, the slant of the preceding baseline indicates leakage of ionic current through the
array, likely through a small crack in the insulator or a hole created by a missing electrode. To
further test the utility of these BPE arrays as platforms for FEEM imaging, correlated fluorescence
cyclic voltammetry (F-CV) was carried out by coupling dihydroresorufin oxidation in basic
glucose solution to Fe(CN)e> reduction using one of these devices (see Figure 2.3a). In this
fluorescent reporting scheme, the precursor is oxidized on the reporting poles of the array
electrodes to form fluorescent resorufin (Zmax = 585 nm) before being quickly reduced back to
dihydroresorufin by glucose to prevent the accumulation of fluorescent background.!” The
fluorescence response to the applied potential was monitored on the reporting side of the array
using an inverted microscope and was observed to modulate in close correlation with the applied
triangular voltage waveform (see Figure 2.3b). Note that the consistent discrepancy observed

between the potential and intensity minima s likely due to the applied voltage being scanned below
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the driving potential necessary for coupling of the two half reactions; after the scan is reversed,
the optical signal continues to decrease as the reporter species is reduced by glucose until the
coupling potential is reached and the intensity begins to rise.

Although these initial observations appear somewhat promising, examination of frames
from the F-CV video reveals that the fluorescent signal is distributed evenly across the entire
surface of the array rather than being confined to the individual electrodes (Figures 2.3c-¢), an
effect which is likely due to free diffusion of the resorufin molecules after generation. If the mass
transport of this species is approximated as two-dimensional diffusion at the array surface, the
mean displacement of a reporter molecule from its point of origin in a given time t is given by
Equation 2.2,

x = 2+/Dt (2.2)

where D is the diffusion coefficient of the molecule. Given the diffusion coefficient of 4.8 x 10
cm?/s for resorufin® and a camera exposure time of 30 ms which was utilized for fluorescence
imaging, the mean displacement of a resorufin molecule at the array surface during the collection
of a single video frame is ~7.6 um. This means that each reporter molecule was able to diffuse up
to 9.5 times the period of the array while its optical signal was being detected, thereby lowering
the effective imaging resolution of the entire system by a factor of ~19. Fluorescence-coupling
therefore seems to be poorly suited as a means of reading the current through BPE arrays of
submicron resolution.

Several strategies to limit diffusion of the reporter species and enable imaging at the
maximum resolution of the array are currently being investigated. The most direct solution to this
issue is immobilization of the fluorescent reporter molecules in some sort of polymer matrix spread

on the surface of the array so as to preconcentrate the fluorogenic precursor on the array surface
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and localize any optical signal to its electrode of origin. Such a scheme could create other
problems, however, since depletion of the confined fluorophore precursor would result in a
permanent decrease in local concentration of this species at the array surface which could in turn
limit the current generated by the coupled reaction of interest. Increasing the viscosity of the
reporter solution to slow diffusion of the reporter molecules presents similar complications since
mass transport of the precursor species to the array surface would also be impeded which would
also limit the current through the array. The use of an electrochemiluminescence (ECL) reporter
reaction for macroscale closed bipolar systems has also been reported in the literature®*? and
provides a promising alternative to fluorescence for high resolution imaging since light is not
generated via continual excitation of an untethered fluorophore but rather by the immediate
relaxation of an excited species generated at the electrode surface which also results in zero

background accumulation. Such an imaging scheme is discussed in greater detail in Chapter 3.

2.4 CONCLUSIONS

In this unpublished work, LIL was used in conjunction with standard micromachining processes
to fabricate SiNx-insulated closed bipolar electrode arrays consisting of thousands of individually
addressable submicron metal electrodes for use in FEEM imaging. These arrays were successfully
used to detect the reduction of Fe(CN)s* via coupling to fluorogenic dihydroresorufin oxidation.
However, the resulting optical signal was not localized to the individual electrodes due to free
diffusion of the reporter molecules, thereby greatly lowering the effective imaging resolution
which could be achieved with these devices. The use of an ECL reporter reaction to address this
shortcoming is explored in the following chapter. A flexible polymer array substrate is also
introduced to overcome the size limitations and fragility of the SiNx membranes used in these
devices.
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2.6 SCHEMES AND FIGURES

OR 4

Electrode

-

Scheme 2.1. Diagram of FEEM bipolar coupling scheme in which a reduction reaction (O to R) is

coupled to a fluorogenic oxidation reaction (S to P).
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Scheme 2.2. (a) Diagram of Lloyd’s mirror LIL setup. (b) Representative AFM images of
photoresist patterns after the first (left) and second (right) LIL exposures carried out at a 90° angle

to one another.
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Scheme 2.3. Flowchart of array fabrication scheme. Cr is first evaporated over the top of a SiNx
window chip and Al over the bottom (a), after which the Cr surface is patterned with photoresist
via LIL (b) and wet etched (c) to yield a Cr hard mask. This mask is used to plasma etch an array
of pores into the underlying SiNx (d). Au/Ti is evaporated over the surface to fill the pores (e) and

then lifted off from the upper surface by dissolution of the underlying Cr to yield a BPE array (f).

The lower Al film is also removed during the final step.
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Figure 2.1. (a) SEM micrograph of RIE results for a 1 pum thick SiNx film imaged from at 45°
angle to the surface (chip was cleaved prior to imaging). (b) Cross-sectional SEM micrograph of
a pore from the etch shown in (a). Note that both images are taken of the Si-supported portion of

the SiNy film since the freestanding portion did not remain intact after cleaving.
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Figure 2.2. SEM micrographs of the (a) top and (b) bottom surfaces of a completed BPE array.

(c) SEM micrograph of a completed BPE array chip with a quarter for scale. (d) Transmission

microscope image of the electroactive portion of the array surface.
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Figure 2.3. (a) Diagram of FEEM imaging in which Fe(CN)s* reduction is coupled to fluorogenic
dihydroresorufin oxidation. (b) Fluorescence intensity trace for array surface overlaid with the
applied driving potential waveform. (c) Representative fluorescence images of the array surface
monitored in panel (b) corresponding to various driving potentials. The dotted line in each image

denotes the outline of the array surface.
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Chapter 3
ELECTROCHEMILUMINESCENCE (ECL)-BASED

ELECTROCHEMICAL IMAGING USING A MASSIVE ARRAY OF
BIPOLAR ULTRAMICROELECTRODES

3.1 INTRODUCTION

Electroanalytical methods for imaging redox molecules with high spatial and temporal resolution
have sparked significant interest in fields ranging from bioanalysis*? to electrocatalysis.>® In
general, these techniques may be classified into two broad groups: scanning probe methods and
dual optical-electrochemical imaging. Notable techniques in the former category include scanning
electrochemical microscopy (SECM),® scanning electrochemical cell microscopy (SECCM),” and
scanning ion conductance microscopy (SICM).® Each of these methods is performed by rapidly
scanning a miniscule probe such as an ultramicroelectrode (UME) or quartz nanopipette over a
surface of interest while collecting the tip current to map the electrochemical activity and
topography of the substrate. While they all can achieve nanoscale spatial resolution,® the time
required to raster the probe across the sample surface limits their utility in highly dynamic
electrochemical systems. In contrast, dual optical-electrochemical methods provide a means of
monitoring spatially segregated redox processes at an enhanced temporal resolution. They may
also enable the detection of single molecules due to the high sensitivity of optical-based
detection. 101!

Electrochemiluminescence (ECL)* and fluorogenic reactions**>'* have been employed as
probes for direct mapping of electrocatalytic activity; luminol-based ECL systems are also
commonly used in hydrogen peroxide sensors.'>!® However, the processes which may be studied

by such direct imaging methods are limited to a few reactions which produce a luminescent
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product. Changes in the fluorescence of pH-sensitive reporter species have also been utilized to
image reactions which alter solution pH,"'° but the range of applications for this approach is
similarly constrained. The Chen group recently used a fluorogenic reporter reaction to monitor a
non-fluorogenic reaction via a competition mechanism.? Despite its elegance, this approach may
be confined to the study of inner sphere redox species since it relies upon competition between
two parallel adsorption processes.

The use of an array of bipolar electrodes (BPES) to couple an analyte reaction to a
complementary reporter reaction provides a more flexible imaging approach. In an open BPE
scheme, a driving voltage is used to induce a potential gradient along the surface of a floating
electrode. Once the potential difference exceeds the difference in formal potential of two redox
species in the same solution, two half reactions will be coupled to one another on the BPE. If one
of these generates an optical signal, such as ECL or fluorescence, one can use the optical response
to monitor the reaction on the opposite pole.?*?> However, due to the competing ionic current
pathway in an open BPE system, large electrodes or high driving potentials are often needed to
achieve the desired coupling.

Closed BPEs provide an interesting alternative since the parallel ionic current pathway is
not present.?®2” The majority of the applied potential drops across the closed BPE itself, thereby
eliminating the need for large electrodes and high driving voltages. An array of closed BPEs can
then be used as an electrochemical imaging platform to monitor dynamic changes in redox
concentrations. Indeed, our group has previously introduced the fluorescence-enabled
electrochemical microscopy (FEEM) in which a fluorogenic reaction was used to image redox
processes on an array of carbon fibers.?®%° While the carbon fibers arrays are easy to prepare, they

exhibited poor uniformity and crosstalk due to aggregation of the constituent fibers.?® The
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fluorescent reporting species was also prone to fast diffusion, thereby further inhibiting the spatial
resolution.

Here we present the use of a very large array of microfabricated closed BPEs for imaging
highly dynamic redox processes. This flexible BPE array is 1x1 cm? in size and is comprised of
146,522 8um-diameter carbon UMEs arranged in an ordered hexagonal lattice pattern with a 28
pum electrode spacing. Our 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.®"3 Using ECL as the reporter process (see Scheme 3.1), 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.*0

3.2 EXPERIMENTAL SECTION

3.2.1 Array Fabrication

A Si wafer (Silicon Valley Microelectronics) was cleaned by O, plasma (Glow Research) for 5
min (175 W, 1 torr) and spin-coated with SU-8 2050 (MicroChem) photoresist (PR) to yield a 40
pm 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 post-exposure baking (6 min at 95 °C). The PR film was then
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developed in SU-8 developer (MicroChem) for 5 min and rinsed with developer, isopropanol, and
D1 water before being spun dry.

The SU-8-patterned wafer was diced into ~2x2 cm? chips and hard baked in a tube furnace
(Thermo Scientific) for 40 min at 300 °C under N> 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 °C 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 PlasmaLab 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.

3.2.2 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 pipette 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.

3.2.3 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
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70% HNOs and 3 M KCI. The 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 pre-
amplifier gain, 0.3 ps vertical pixel shift speed, and 10 MHz readout rate. Videos contained 1500
frames with 512x512 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 pum, yielding a 4.0x10°
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 658M 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 658x496 pixels. The same
IX70 microscope and 4x objective were used. Each pixel measured 1.03 um, yielding a 3.5 x 10°
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 VV to 0 V vs. Ag/AgCl 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 (lecL-V) trace was simultaneously monitored using
conditions described above.

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 pum 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)s* 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
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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
pm orifice was immersed in 100 mM KCI solution and was used to inject 100 mM Fe(CN)g> 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 um 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

atpH 7.4.

3.3 RESULTS AND DISCUSSION

3.3.1 Fabrication of Bipolar UME Arrays

A bottom-up process was developed to fabricate the BPE arrays. As summarized in Scheme 3.2,
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
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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 Figures 3.1a and 3.1b, however, that the height and diameter
of each micropillar is reduced by a factor of two during pyrolysis. This volume loss plays a role in
determining the final device thickness and must be considered by selecting a 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 3.1c). With this in mind, 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.

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 O, plasma etching to expose the upper carbon

surfaces (Figure 3.1d). A hot KOH solution was used to dissolve the Si and free the devices. No
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degradation or etching of the Parylene or electrodes was observed. Note the uniformity of the
electrodes and absence of defects shown in Figures 3.1e and 3.1f. A finished device is pictured in

Figure 3.1g.

3.3.2 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-cyclic voltammogram (ECL-CV). Here, bulk 100 mM Fe(CN)e* 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 3.2a. Both electrochemical (i-V) and
optical (IecL-V) voltammograms were plotted in Figure 3.2b. The two signals match well in their
overall shape, where both onset potentials begin at ~1.1 V and approach a maximum value at ~2.1
V. Interestingly, the IecL begins to decrease despite increasing potential at 2.3 V, possibly due to
interference from other redox reactions such as water oxidation.

The optical response of a ~300-electrode subset of the array during the potential scan is
displayed in Figure 3.2c to show single electrode responses. We observe that the lgc. at each

electrode is indeed uniform relative to its adjacent electrodes. We aimed to further quantify this
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homogeneity by plotting each individual electrode’s lgcL response at correlated potentials, as
shown in Figure Bla. The plotted results demonstrate that the ECL intensity changes uniformly
with scanned potential across the array subset. In Figure B1b we expand the analysis of individual
electrode lecL-values across all 6000 non-edge electrodes within the recorded field of view. Much
variability is observed between the Iec. for electrodes within this large region as evidenced by the
wide distribution at each potential. However, examination of a single frame during the scan in
Figure B1d allows us to conclude that the variation is present only in the upper left and lower left
corners of the array, likely due to those regions extending slightly below the focal plane of the
microscope objective. Since the 300-electrode subset is entirely within the same focal plane, it will
be treated as the metric for comparison. We therefore conclude that the Iec. response is indeed
identical across equivalent electrodes.

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 3.3a, similar to the setup
used in our previous work.>® Here, a 12.7 pm Au UME was positioned ~100 pum 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 (+2V) 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 micro-positioner and the corresponding array illumination precisely followed its

movement with no perceptible lag. Figure 3.3b displays four illuminated positions of the
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electrode. 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.

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)s* 100 pm away from the
array, as shown in Figure 3.4a. A pressure-injection module was used to dispense the Fe(CN)s*
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 3.4b we show an example Fe(CN)g> 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)e>~ convection
paired with dilution by the bulk KCI solution. Under constant potential, the Iec. fluctuations must
be due to local changes in Fe(CN)s*> concentration. In Figure 3.4b we observe higher Fe(CN)s*
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.4-4
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Figure 3.4c 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 sec) more effectively delivers Fe(CN)s> to the array compared to a low
pressure over a long duration (0.5 PSI, 10 sec). 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.

We lastly 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 3.3. 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 um 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)e*
reduction to the anodic ECL.

Interestingly, we observed a starkly different behavior than in Figure 3.3. 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 um 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 multi-step interaction between

the mass transfer at the Au UME and array electrodes, as illustrated in Figure 3.5a. An initial
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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 pum micro-gap 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)g*.
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 3.5b.

In Figure 3.5¢ 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.

3.4 CONCLUSIONS

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)s> 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
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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 work focusing on the
development of this bipolar imaging system to create a massively parallelized screening platform

for high-throughput screening of metal electrocatalysts is discussed in the following chapter.

Note: 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. This is an unofficial adaptation of an article that appeared in an ACS

publication. ACS has not endorsed the content of this adaptation or the context of its use.
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3.6 SCHEMES AND FIGURES
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Scheme 3.1. Diagram of a reduction reaction coupled to a Ru(bpy)s?*-based ECL system with a

2-(dibutyl)aminoethanol (DBAE) co-reactant across a closed bipolar electrode.
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Scheme 3.2. Flowchart illustrating each step of the bipolar UME array fabrication process.
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Figure 3.1. (a) SEM images of SU-8 micropillars (18 um diameter, 40 um height) on Si, (b)
pyrolytic carbon micropillars (8 um diameter, 18 pum height), (c) carbon micropillars coated in a
20 um Parylene C film, (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 3.2. (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-V) 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 Iec. at each electrode for the described potentials.
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Figure 3.3. (a) Schematic showing the anodic ECL detection of a diffusion layer on an UME.
Fe(CN)g* is oxidized on a 12.7 um Au UME at +0.8 V to produce Fe(CN)s*. The incident
Fe(CN)s* 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 3.4. (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 5 s. 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 (b) and (c).
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Figure 3.5. (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)g* in the ~100 um micro-gap 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 IecL.
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Chapter 4
HIGH-THROUGHPUT ELECTROCATALYST SCREENING ON A

MASSIVE ARRAY OF CLOSED BIPOLAR MICROELECTRODES

4.1 INTRODUCTION

Given the large number of properties which influence electrocatalytic performance (e.g., particle
morphology,* surface ligands,? alloy composition,® atomic ordering,* etc.), high-throughput
screening methods are critical to inform the discovery and optimization of new electrocatalysts.
Such screening is typically carried out via a combinatorial approach in which compositionally
stepped or gradient samples are synthesized and subsequently screened to ascertain the effects of
selected physical properties on the catalytic activity toward a reaction of interest.>’ Because the
efficiency of such a scheme is partially governed by the sample creation time, this step has been
targeted for improvement in various studies. Distribution of catalyst-bearing conductive inks in an
arrayed pattern to enable screening of various composites is perhaps the simplest sample
preparation method®®; mixtures of metal salt solutions may also be dispensed in a similar manner
followed by chemical or electrochemical treatment to form catalytic alloy spots of the desired
metals.%'2 However, while both of these techniques have been automated using inkjet prinking,*3
a piezodispensing apparatus,** or a scanning flow cell,*® the sequential nature of such an approach
greatly increases the time required for the creation of large sample libraries. Several forms of
physical vapor deposition (PVD) have been employed to generate well-controlled gradients of
electrocatalytic metals via co-deposition from multiple sources.*®2° This approach is particularly
attractive due to the extremely large number of alloy compositions which may be created in a
single deposition, but the expense of the requisite instrumentation and metal sources renders it

cost-prohibitive for many applications. Exploitation of the potential gradient along an open bipolar

68



electrode to manipulate the electrodeposition rates of multiple metals has also been proposed,?
although the combinations of metals and achievable gradients are somewhat constrained by
difference in redox potentials of the deposited species.

Several strategies have also been employed to maximize the throughput of electrocatalyst
activity detection. Scanning techniques in which an ultramicroelectrode (UME),112.14.17.22-26
reference/counter electrode couple,?”?® optical fiber, flow cell,>* or laser! is rastered across a
catalytic surface while the current response is recorded have been extensively utilized to map the
catalytic activity of compositionally varied samples, but the experiment time is typically quite long
due to the use of a single probe. Individually addressable electrode arrays offer an improvement
in screening parallelization,%1318:32-35 hyt are limited in size due to the number of data channels
which must be simultaneously monitored; additionally, fabrication of such devices is extremely
challenging due to the large number of connecting leads. Optical imaging of reaction products
originating from an electrocatalyst array via a pH-dependent fluorescent reporter,'%t7:32
photochromic film, 3" or gas bubble detection®® provides a more rapid, albeit indirect, approach
to monitoring catalytic activity, but free diffusion of the detected species limits the capacity of
these techniques to screen compositional gradients.

Open bipolar electrodes (BPES) address the majority of these shortcomings by allowing a
reaction of interest to be coupled to a complementary reporter reaction via the application of an
external polarizing potential, thereby providing a direct measure of catalytic activity without
necessitating that electrical contact be maintained with the electrode.'®?%3%-41 When coupled with
a luminescent reporter reaction such as electrochemiluminescence (ECL), this scheme yields an
optical signal which is directly proportional to the catalytic current and easily scalable for many

BPEs arranged in parallel.*>* Unfortunately, the presence of a competing ionic current pathway
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in open bipolar systems necessitates the use of relatively large electrodes to yield a sufficient
potential difference across the electrode surface to induce coupling,* thereby limiting the
maximum array density and number of catalyst compositions which may be simultaneously
screened. Closed BPE arrays do not possess such a parallel ionic current pathway due to
segregation of the detecting and reporting solutions on opposite sides of the array, meaning that
the majority of the applied potential drop occurs at the electrode solution/interface*®*’ and
electrode size does not affect functionality. However, despite the absence of any constraints to
array size and resolution, all of the electrocatalytic screening studies utilizing closed BPE arrays
which have been carried out at the time of this writing are limited to small arrays comprised of
only a handful of electrodes.*84°

We therefore present a highly parallelized electrocatalyst screening platform based on ECL
imaging with massive microfabricated closed bipolar UME arrays which we have reported in a
previous publication.®® By imaging a subset consisting of only 4% of the surface area of one of
these arrays, we are able to map the onset potentials of electrocatalytic materials deposited on over
6000 separate electrodes; this degree of screening parallelization is over an order of magnitude
greater than the largest array-based electrocatalyst screening study reported in the literature.'®
Additionally, we introduce a facile method for selective electrodeposition of catalytic metals on
the array surface by establishing direct electrical contact with all of the electrodes in the array
using a Hg drop biased at a reducing potential. This electrodeposition scheme is much more
straightforward than existing techniques for modifying BPE arrays via electrodeposition which
rely on coupling metal salt reduction to a mediating oxidation reaction*>5* and can be further
extended to enable screening of a gradient in the deposited metal composition by delivering metal

salt solution to the array surface via a micropipette. Lastly, we present an alternate fabrication
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scheme for our closed bipolar UME arrays which incorporates an Au coating of the constituent
electrodes. These Au-modified arrays are used in conjunction with the aforementioned gradient
electrodeposition technique to demonstrate the utility of this platform by investigating the

heterogeneity in activity of a compositionally varied metal/metal hydroxide HER electrocatalyst.

4.2 EXPERIMENTAL SECTION

4.2.1 Array Fabrication

Bipolar carbon UME arrays were fabricated and prepared for imaging using the same procedure
described in our previous publication.®® Au-modified arrays were fabricated using a similar
procedure. However, a 200 nm Au film was first deposited onto the array surface using a sputter
coater (Evatec) prior to insulation with Parylene C. Additionally, annealing was carried out after
exposure of the electrodes via dry etching to prevent premature delamination of the arrays from

the Si substrates.

4.2.2 Array Modification via Electrodeposition

Potential was controlled for all electrodeposition processes using an EG&G Princeton Applied
Research Model 273A Potentiostat/Galvanostat. The Hg drop was contained on a modified
microscope slide using an o-ring which was held in place with epoxy. Electrical contact was made
with the Hg drop using two bundles of carbon fibers positioned on each side of the o-ring. A
commercial reference electrode (BASI) and a Pt foil counter electrode were used to form an
electrochemical cell over the surface of the array. Au electrodeposition was performed with 50
mM AuCls solution at 1.5 mA for 2 min using an array half-covered with polydimethylsiloxane
(PDMS). Metal salt solutions for gradient electrodeposition were delivered from a z-height of 100

pm above the array surface using a 5 um diameter pulled quartz micropipette in conjunction with
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an Eppendorf Femtojet at a pressure of 0.22 PSI for 100 s. An Olympus CK40 inverted microscope
and electronic micromanipulator (Sutter) were used to position the pipette prior to injection. All
gradient electrodepositions were carried out in a 100 mM KCI supporting electrolyte solution. Pt
deposition was performed by injection of 50 mM PtCl, solution at -0.1 V vs. Ag/AgCl; Ni(OH)2
deposition was performed by injection of 1 M NiCl> 100 mM NaCl pH 3.6 solution at -1 V vs.
Ag/AgCl followed by cycling from 0.1 to 0.5 V vs. Ag/AgCl at 5 mV/s in 100 mM KOH for 25

cycles.

4.2.3 Imaging of Electrocatalytic Activity

Potential was driven across the array using an EG&G Princeton Applied Research Model 175
universal programmer linked to a 3-electrode CV-27 potentiostat (BAS) with 3 Ag/AgCl
electrodes. Reference and counter electrodes were placed in the bottom ECL solution and the
working electrode 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. All imaging experiments were
recorded on an Andor iXon 897E EMCCD camera cooled to -80 °C with 30 ms exposure, 300 EM
Gain, 5.1x pre-amplifier gain, 0.3 s vertical pixel shift speed, and 10 MHz readout rate. Videos
contained 1500 frames with 512x512 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 4.0x10° um? field of view and allowing ~6000 full electrodes in each frame. 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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ECL voltammograms of the HER in acid were collected using a driving voltage sweep of
0to 3V vs. Ag/AgCl at 200 mV/s to couple the HER in 100 mM HCIO4 100 mM NaCl above the
array to anodic ECL in 25 mM Ru(bpy)s®* 20 mM DBAE 100 mM phosphate buffer (PB) pH 7.4
below the array; alkaline HER ECL voltammograms were collected using a driving voltage sweep
of 0 to 4 V vs. Ag/AgCl at 200 mV/s to couple HER in 100 mM KOH to the same anodic ECL
solution. The camera and potentiostat were simultaneously triggered using a custom LabVIEW
2013 program and ECL intensity-potential (IecL-V) videos were collected using the conditions

described above.

4.2.4 Analysis of ECL Video Data

ImageJ was used to designate each electrode as a separate region of interest (ROI) in the collected
videos and extract the ECL intensity traces for all electrodes. These traces were then analyzed
using a custom Python script which determined the frame number at which the ECL intensity first
exceeded 180 counts and converted this value to an applied potential using the voltage scan rate.
These potentials were then assigned color values and mapped to their corresponding ROIs to yield

false color plots of the coupling onset potentials of the electrodes.

4.2.5 Ni(OH)2 Modification of Au UME

The Au electrode was fabricated by sealing a piece of Au wire in a glass capillary®? prior to
characterization using cyclic voltammetry in 1 mM FcMeOH 100 mM KCI solution. Variable
Ni(OH)2 coverage was achieved by immersing the electrode in the aforementioned NiCl solution
for intervals ranging from 10 s to 5 min. Alkaline HER activity was evaluated by monitoring the

current response of the UME in 100 mM KOH using a potential sweep of 0 to -2 V vs. Ag/AgCI
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at 200 mV/s. The electrode was polished after the collection of each voltammogram to regenerate

the Au surface.

4.3 RESULTS AND DISCUSSION

4.3.1 Modification of Bipolar UME Arrays via Electrodeposition

To facilitate electrodeposition of a catalytic metal on the detecting side of a carbon bipolar UME
array, a Hg drop was used to make electrical contact with the reporting poles of all electrodes in
the array which allowed the same potential to be simultaneously applied across the array’s entire
electroactive surface and eliminated the need for bipolar coupling of the metal salt reduction to a
separate oxidation mediator reaction. This approach also offers the benefit of enabling selective
modification of subsets of the array by blocking off portions of the lower surface with thin sheets
of polydimethylsiloxane (PDMS) before bringing it in contact with the Hg, thereby preventing
electrodeposition from occurring in these regions. To carry out an electrodeposition, the well on
the detecting side of array was first filled with a metal salt solution, after which the opposite side
was brought into contact with the Hg drop. An Ag/AgCI reference electrode and Pt foil counter
electrode were then immersed in the solution to form an electrochemical cell in which the array
served as the working electrode (see Figure 4.1a).

Figure 4.1b shows an example of an array which was modified with Au in this manner
across half of the surface via galvanostatic electrodeposition from a 50 mM solution of AuCls. The
uniformity of the Au distribution indicates both that electrical contact was made with all of the
electrodes and that a consistent potential was applied across the surface. The Au overgrowth
observed in Figure 4.1b at the border between the modified and unmodified portions of the array
may be attributed to the higher Au ion concentration which existed along this boundary due to

depletion of metal ions above the half of the array which experienced a potential bias. Note that
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the residue observed on the representative bare carbon electrode shown in Figure 4.1c may be

attributed to salt deposits left behind after drying the array.

4.3.2 Gradient Electrodeposition of Electrocatalysts

Although the preceding selective electrodeposition method can be leveraged to enable comparative
catalytic studies of the activity of various material compositions deposited sequentially across
adjacent regions of a carbon bipolar UME array, such a process would be extremely time-
consuming and does not take full advantage of the array’s impressive resolution and imaging
capacity. To introduce a radial gradient in the amount of catalytic metal deposited across an array,
a method was devised in which a plume of metal salt solution was delivered to the biased array
surface via a micropipette in a process similar in principle to other studies in which a redox species
was “puffed” toward the surface of an electrode immersed in supporting electrolyte solution®%3%*
(see step 1 of Scheme 1). First, the well on the detecting side of an array was filled with supporting
electrolyte solution, after which the opposite side was brought into contact with the Hg drop and a
reference electrode and Pt foil counter electrode were immersed in the electrolyte solution. Next,
a 5 um diameter micropipette filled with a metal salt solution was lowered through a hole in the
counter electrode and held ~100 um above the array surface. The Hg drop was then biased at a
reducing potential and a pressure-injection module was used to dispense the metal salt solution at
the surface of the array. Due to dilution of the pipette contents by the surrounding electrolyte
solution after injection, a metal ion concentration gradient was formed about the pipette orifice
over the course of the deposition.>® Figure 4.2f shows an energy dispersive spectroscopy (EDS)
map of the results of a Pt injection/deposition experiment with the corresponding scanning electron

microscopy (SEM) image displayed in Figure C1. Note that there is a clear radial decrease in the

amount of metal deposited on the electrodes about the injection site with the tailing observed
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toward the upper portion of the image being due to positioning the pipette at a slight angle from

normal to the array surface.

4.3.3 Electrocatalyst Screening via Bipolar Coupling to ECL

After modification of an array via this gradient electrodeposition technique, the activity of the Pt-
modified electrodes toward the hydrogen evolution reaction (HER) was imaged via coupling to a
Ru(bpy)s®*-based ECL system with the aim of demonstrating the applicability of this platform
toward highly parallelized electrocatalyst screening (see step 2 of Scheme 4.1). The well on the
detecting side of a metal-modified array was first filled with an acid solution, after which the
reporting side was immersed in anodic ECL solution and the driving voltage across the array swept
from 0 to 3 V; this applied potential induced coupling of the HER on one side of the array to anodic
ECL on the other, the intensity of which was monitored and recorded as a video. Given that the
current through an electrode of a bipolar array is directly related to the ECL intensity emanating
from its reporting pole, the intensity vs. driving voltage trace (IecL-V) for each electrode could be
used to determine the applied potential necessary to bring about the onset of HER.

Mapping of HER onset driving voltage for all of the electrodes in an array was carried out
using a custom Python script which extracted lecL-V traces for all ~6000 electrodes in the field-of-
view and separately determined the driving potential necessary for each electrode to reach an ECL
intensity threshold slightly above the noise level of the camera (180 counts). Since the applied
potential necessary to induce coupling across a closed bipolar system is equal to the difference in
formal potentials of the two half reactions and given that the formal potential of the reporter
reaction is constant for all electrodes, a difference in the driving potential at the onset of ECL
coupling for two electrodes equates to their difference in HER onset potential. Figure 4.2e shows

the false color plot corresponding to the Pt deposition mapped in Figure 4.2f. Note that electrodes
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at the center of the injection site exhibit the lowest HER onset potentials, but these values quickly
increase for electrodes located further away from this position. Also, the same tailing which was
observed in the EDS map covers an even greater area in this plot, indicating that imaging the
catalytic activity via this scheme is even more sensitive than EDS for detecting the presence of Pt.

After mapping the HER performance across the deposition site, SEM was used to examine
the metal coverage of individual electrodes. Due to the geometric arrangement of the arrayed
electrodes and the excellent contrast between the deposited Pt and underlying carbon, imaging of
specific electrodes exhibiting an ECL signal of interest was relatively straightforward (see
designated electrodes in Figure 4.2¢e). As should be expected, a positive correlation between the
catalytic performance of individual electrodes and the coverage of Pt on the surface was
qualitatively established (Figures 4.2a-d). Such a relationship is to be expected given the higher
local metal ion concentration present about the pipette orifice during injection which would result
in greater amounts of Pt on the nearby electrodes. These results demonstrate the efficacy of this
gradient electrodeposition method coupled with bipolar coupling and ECL imaging as a high-
throughput platform for generating and screening large pools of compositionally gradient

electrocatalyst samples.

4.3.4 Screening Electrocatalyst Composition with Au-Modified Bipolar UME Arrays

To further expand the applications of this array-based catalysis imaging scheme toward the
investigation of more complex interfacial and bimetallic catalytic systems, the fabrication scheme
for the carbon bipolar UME arrays was updated to incorporate a metal coating on the electrodes’
detecting poles. Au was selected as the modifying material due to its ease of patterning via wet
etching. Briefly, 200 nm of Au was sputtered over the surface of the devices immediately following

pyrolysis, after which the Au-coated electrodes were insulated in Parylene C and exposed via
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plasma etching. The arrays were annealed in a tube furnace at 400°C under a N2 flow which
typically resulted in delamination of the devices from the substrate. Each released array was then
epoxied to a well on its upper surface, after which the lower surface was immersed in Au etchant
to remove the metal connecting the individual electrodes. This same process may be readily
extended to facilitate modification of a bipolar UME array with any other metal which can be wet
etched. Note that the reporting poles of these Au-coated arrays still consist of bare carbon to ensure
that the Kinetics of the ECL reporter reaction remain unchanged relative to the original unmodified
design. The resulting arrays appeared extremely uniform under SEM characterization (see Figure
4.3a,b) and revealed virtually identical optical responses from all electrodes when used to couple
HER in acidic solution to anodic ECL (Figure 4.3c).

A metal/metal hydroxide electrocatalyst was selected for investigation to demonstrate the
utility of these Au-coated arrays in interfacial catalyst screening and compositional optimization
studies. This electrocatalytic scheme was originally introduced to enhance the HER activity of Pt
in alkaline solution by decorating the metal surface with Ni(OH): islands to encourage adsorption
of OH on the metal hydroxide clusters and H on the Pt surface, thereby promoting water
dissociation which is the rate determining step of the HER in basic solution.>® Modification with
metal hydroxides has since been demonstrated to similarly improve the HER performance of other
transition metal electrocatalysts (such as Au, Ag, Cu, Ru etc.) which underperform in basic
solution due to slow water dissociation kinetics.>">° However, oversaturation of the electrode
surface results in adverse effects to HER activity due to the poor conductivity of Ni(OH)2%°%? and
obstruction of active sites on the transition metal surface necessary for H adsorption.53% Such a

prediction therefore implies the existence of an optimum degree of metal hydroxide surface
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coverage for maximum electrocatalyst performance; this proposed relationship will be further
explored here.

An initial experiment to confirm the predicted link between these two parameters was
carried out using a 25 um Au UME in which the electrode was immersed in a NiCl; solution for
intervals ranging from 10 s to 5 min to modify the surface with increasing amounts of Ni(OH)..%’
The UME was then rinsed with DI water and transferred to 100 mM KOH where its potential was
scanned from 0 to -2 V vs. Ag/AgCl and the resulting current response recorded. Note from Figure
4.4a that immersion times of 10 s and 1 min in the NiCl2 solution result in corresponding decreases
in HER onset potential relative to the unmodified Au surface; however, an immersion time of 5
min displays a drastic negative shift in current onset with the observed response reduced to almost
zero over the displayed potential range. This reduction in activity is consistent with blockage of
the electrode surface by the metal hydroxide despite the synergistic enhancement to alkaline HER
activity which was brought on by initial modification.

To further verify this relationship in a more parallelized fashion, a gradient of Ni(OH), was
generated across the surface of an Au-coated array by first employing a micropipette to dispense
a concentrated NiCl. solution at the array surface which was contacting a Hg drop biased at a
reducing potential; pipette diameter, distance from the array surface, injection pressure/time, and
bulk electrolyte concentration were unchanged from the Pt deposition conditions. The electrolyte
solution was then replaced with 100 mM KOH and the applied potential scanned®’ between 0.1
and 0.5 V vs. Ag/AgCl at 5 mV/s to oxidize the deposited Ni to Ni(OH)2; potential cycling was
ceased after 25 cycles when the anodic current was observed to be zero. Figure C2e shows a
representative EDS map of a Ni(OH)2 gradient generated on an Au-coated array which exhibits a

clear radial decrease in Ni signal about the location of the micropipette injection. Additionally,
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SEM micrographs of selected electrodes from the EDS map confirm this trend in deposited
Ni(OH)., with coverage ranging from almost total encapsulation of the electrode surfaces near the
center of the spot to virtually nothing at the periphery (Figure C2a-d). Note, however, that the
nature of the SEM/EDS sample prep (i.e., affixation to a Si substrate with conductive epoxy
followed by carbon coating) prevented further use of arrays characterized in this fashion.
Subsequent experiments were therefore carried out with identically prepared devices.

After Ni(OH). deposition, the HER activity of the array in 100 mM KOH was imaged via
coupling to anodic ECL using a driving potential scan of 0 to 4 V vs. Ag/AgCI (see Figure 4.4b).
The resulting activity false color plot (Figure 4.4c) for the center of the Ni(OH)2 gradient exhibits
a ~300 mV decrease in the magnitude of HER onset potential relative to bare Au for electrodes
located in a narrow ~250 um diameter ring with less pronounced enhancements to activity being
observed outside this region. This increase in activity is consistent with the potential shift observed
for the voltammogram exhibiting the highest HER activity in Figure 4.4a (1 min immersion time).
The presence of this peak in activity indicates that optimal modification of the Au surface was
achieved at this point in the radial Ni(OH). gradient about the deposition site, with higher or lower
coverage outside this region resulting in diminished catalytic performance (the zone exhibiting
extremely low activity in the upper right of the plot is due to the application of epoxy which was
used to seal a defect in the array). These results further confirm the predicted nature of the
relationship between alkaline HER performance and the surface coverage of the modifying metal
hydroxide on a transition metal surface and also demonstrate the utility of this gradient deposition
technique and array-based screening platform in exploring the effects of compositional variation

on electrocatalytic activity.
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4.4 CONCLUSIONS

In summary, we have demonstrated the use of massive bipolar UME arrays in conjunction with
ECL imaging as a high-throughput platform capable of simultaneously screening several thousand
electrocatalyst compositions. Additionally, we have introduced a complementary technique for
electrodeposition of a radial gradient of catalytic metal on the surface of these arrays for the
purpose of rapidly generating large quantities of compositionally varied electrocatalyst samples.
Lastly, we have utilized both of these methods in conjunction with a new process for uniform metal
modification of the aforementioned arrays to investigate the impact of varied Ni(OH). coverage
on the HER activity of an Au surface in alkaline solution, with the catalytic performance of the
modified Au being confirmed to exhibit a peak-shaped dependence on increasing Ni(OH):
coverage. Future work will focus on further expanding this platform to enable the screening of
metal alloys by incorporating additional micropipettes for the purpose of simultaneously delivering
multiple metal salt solutions to the array surface during the gradient electrodeposition process; X-
ray photoelectron spectroscopy (XPS) measurements of catalyst compositions will also be the

focus of subsequent studies.

Note: This chapter is adapted with permission from Anderson, T. J.; Defnet, P. A.; Cheung, R. A,;
Zhang, B. “High-Throughput Electrocatalyst Screening on a Massive Array of Bipolar
Ultramicroelectrodes.” J. Electrochem. Soc. 2021, in review. This is an unofficial adaptation of an
article that has been submitted to an 10P publication. IOP has not endorsed the content of this

adaptation or the context of its use.
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4.6 SCHEMES AND FIGURES
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Scheme 4.1. Diagram of gradient electrodeposition process (step 1) and highly parallelized HER

electrocatalyst screening via coupling to ECL using a BPE array (step 2).
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Figure 4.1. (a) Diagram of selective electrodeposition technique. (b) SEM image of an Au
deposition which was carried out using 50 mM AuCls for 2 min at 1.5 mA over half of a bipolar
carbon UME array. (c) Zoomed SEM image of the boundary between the Au-modified and
unmodified regions of the same array. Representative images of (d) a bare carbon electrode and

(e) an Au-modified electrode.
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Figure 4.2. (a-d) SEM images of selected electrodes from the Pt gradient deposition site. (e) False
color plot of HER onset driving potentials of the Pt gradient deposition site in 100 mM HCIO4 100
mM NaCl coupled to anodic ECL with SEM-imaged electrodes labeled. (f) EDS map of Pt across

gradient deposition site.
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Figure 4.3. (a,b) SEM images of Au-coated bipolar UME array. (c) False color plot of HER onset
driving potentials of an Au-coated bipolar UME array in 100 mM HCIO4 100 mM NaCl coupled

to anodic ECL.
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Figure 4.4. (a) Linear sweep voltammograms for a 25 um Au UME with varying immersion times

3000

in 1 M NiCl> 100 mM NaCl pH 3.6. (b) Diagram of a screening experiment with a gradient of
Ni(OH). on an Au-coated bipolar UME array. (c) False color plot of HER onset driving potentials
of a Ni(OH)2-modified Au-coated bipolar UME array in 100 mM KOH 100 coupled to anodic

ECL.
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Chapter 5
NOVEL MICROFABRICATED GLASS FREESTANDING

MEMBRANE CHIPS FOR LOW-NOISE NANOPORE SUBSTRATES

5.1 INTRODUCTION

Resistive-pulse measurements have been widely utilized in the detection and analysis of single
entities ranging from nanoparticles® to biomolecules.?® In this electrochemical sensing scheme
(referred to as a Coulter counter),* an electric field is applied across a nanopore separating two
segregated buffer solutions to induce the flow of ionic current through the pore. When a particle
or macromolecule is drawn into the pore as a result of Brownian motion, pressure,
electroosmosis, or electrophoresis, the movement of ions within the constriction is obstructed
and a transient decrease in electrical current for the system is observed. The magnitude and
duration of such resistive pulses are governed by the cross-sectional area of the particle relative
to the pore and the time taken for the particle taken to traverse the pore’s length (the
translocation time), respectively, and can be used to determine the particle size in addition to
other properties such as zeta potential and electrophoretic mobility.t

One of the most widely targeted applications of this technique has been the sequencing of
single-stranded deoxyribonucleic acid (DNA) via detection of the characteristic resistive pulses
exhibited by the individual nucleotide bases during translocation.® Biological nanopores
comprised of transport proteins embedded in lipid bilayers have been used to achieve single base
pair sequencing resolution by utilizing enzyme racheting to unzip and slow the translocation rate
of DNA?; this scheme has since been extended to very long reads including bacterial” and
human® genomes. Despite exhibiting a number of advantages over their biological counterparts

(such as improved signal® and greater control over pore size, geometry, and thickness), solid-
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state nanopores in inorganic membranes'® have seen comparatively less advancement as
sequencing platforms due to the extremely fast translocation rate of freerunning DNA (~20,000
nucleotides/ms)® which necessitates bandwidths of more than 20 Mhz to achieve single
nucleotide resolution. At present, two studies have managed to detect single nucleotide bases
with atomically thin MoS2 nanopores, but in both cases the translocation rate was slowed by
either a viscosity gradient!* or increased charge interaction between the nucleotides or DNA
oligos and the pore.*? This reduction in translocation rate is undesirable due to the associated
decrease in sequencing throughput. Increasing the speed of measurement is therefore critical to
the further development of solid-state nanopores as DNA sequencing platforms.

However, the elevated noise associated with high bandwidths can render the current
signals of single nucleotides impossible to resolve. Above a bandwidth of 10 kHz the major
contribution to noise is interaction between the voltage noise of the current amplifier and the
capacitance of the nanopore chip, where the root-mean-squared input referred current noise (Irms)

is given by Equation 5.1 below,®

s (B) = (22) B2 (Cenap + Cu + Carmp)Va (5.1)

in which B is the bandwidth, Ccnip is the chip capacitance, Cy is the capacitance of the wiring
between the amplifier and the chip, Camp is the capacitance of the amplifier, and vn is the input-
referred voltage noise of the amplifier. Thus, noise levels may be lessened by reducing the chip
capacitance as much as possible. Several studies have reported accomplishing this by applying a
thick layer of insulator such as polydimethylsiloxane (PDMS),*** polyimide,*® low pressure
chemical vapor deposited (LPCVD) SiN,/SiO-, or bonded glass slides® to the chip surface, but
manual handling or patterning during this step greatly extends fabrication time and prevents such

approaches from being scaled up to mass production. Alternatively, glass chips may be utilized
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in place of traditional Si substrates to completely eliminate the capacitance associated with the
semiconductor/membrane interface. The fabrication of such devices has been carried out by
transferring SiNx membranes to glass chips,'®!’ although the necessity for manual handling
precludes wafer-scale fabrication according to this scheme. Other studies have described the use
of the previously deposited membrane material as a stop layer for HF etching of the underlying
glass'®1° or sapphire,?° but thereby introduce the possibility of pitting or thinning of the
membrane material due to poor etch selectivity.

To address these issues, a novel wafer-scale fabrication scheme for free-standing SiNy
membranes was devised in which the membranes are formed by plasma enhanced chemical
vapor deposition (PECVD) onto a sacrificial Si surface without any intervening transfer or
etching steps (see Scheme 5.1), thereby enabling the scalable production of a low-capacitance
platform for nanopore measurements which is free of semiconductor/insulator interfaces and

exhibits excellent control over membrane thickness.

5.2 EXPERIMENTAL SECTION
5.2.1 Glass Etching

A 500 um thick Si wafer (Silicon Valley Microelectronics) was anodically bonded to a 500 um
thick Borofloat 33 glass wafer (Schott AG) using an EVG 501 Wafer Bonding System using a
voltage of -500 V at 350°C and 2.5x102 mbar for 10 min, after which 10 nm of Cr and 200 nm
of Au was sputtered over the exposed glass surface with an Evatec EVO Sputter System. After
adhesion promotion in a HMDS oven , a 4 um film of AZ 10XT photoresist (Microchemicals)
was then spun over the metalized surface and softbaked for 3 min at 110°C. Exposure was
performed on a semi-automatic mask aligner (ABM) with a custom Mylar photomask (CAD/Art

Services) using an exposure dose of 400 mJ/cm? at 400 nm. The exposed resist film was
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developed in 1:4 AZ400K:DIW for 4 min then rinsed in DI water and spun dry using an Avenger
Ultra-Pure spin-rinse-dryer (Class One Technology). The bonded wafer pair was then
descummed using a Vision 320 RIE MK Il reactive ion etcher before being sequentially
immersed in Cr 1020 etchant (Transene) and Au Etch TFA (Transene) until the exposed metal
observed to be removed from the patterned regions of the surface and then rinsed in DI water.
Through-etching of the exposed glass was carried out via immersion in 49% HF for 95 minutes
at room temperature without agitation. The substrate was held vertically in a Teflon wafer carrier
throughout the process to maintain etch uniformity. After etch completion, the wafer pair was

thoroughly rinsed with DI water and spun dry.

5.2.2 Membrane Formation

A layer of SiNx between 200 nm and 1 pm was deposited over the through-etched glass surface
at 125°C and 0.56 nm/s using a SPTS PECVD system, after which the Si backing of the wafer
pair was thinned to ~70 um using a Strasbaugh 7AA-SP wafer grinder. Dicing lanes were then
patterned into an AZ 10XT film spun onto the SiNx surface using the aforementioned parameters
before the wafer was diced into chips using a Disco DAD321 dicing saw. The Si backing of the
individual chips was further thinned to ~1 um via dry etching with a SPTS Rapier Si deep

reactive ion etcher (DRIE) and finally removed via immersion in 35% KOH solution for 1-4 min.

5.2.3 Focused lon Beam Milling

The free-standing SiNx membrane chips were coated with ~100 nm of carbon using a SPI
Modular Sputter and Carbon Coater before being milled using the ion beam of an Oxford
Instruments X-Max Dual Beam FIB-SEM at 80000x magnification and a beam current of 10 pA

(sample imaging was carried out using this same system). The milling endpoint was detected by
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the abrupt change in intensity of the backscattered electron signal which occurred upon full
penetration of the membrane. Removal of the carbon film was carried out via O, plasma etching

in a Diener Femto Low-Pressure Plasma system for 30 min at 40 W and 15 mbar.

5.3 RESULTS AND DISCUSSION

To enable fabrication of the freestanding membrane chips, a series of apertures were first formed
through a Borofloat 33 glass wafer to provide a framework for the suspended membranes. HF
etching was selected for the aperture formation method due to its high etch rate for borosilicate
glass?! relative to dry etching techniques and hemispherical etch profile which would result in a
reduced substrate thickness about the membrane and consequently lower stray capacitance.!®
Initially, masking of the glass surface was carried out with PECVD amorphous silicon (a-Si), but
despite the excellent resistance of this material to HF attack, its high internal stress and poor
adhesion to the glass wafer resulted in partial delamination about the etched regions of the wafer
(see Figure D1). This adhesion issue was resolved by the substitution of a 200 nm Au film on a
10 nm Cr adhesion layer for the a-Si. The 4 um AZ 10XT photoresist film which was used to
pattern holes in the metal mask layers was also left in place to minimize pinholing of the glass
due to HF permeation of defects in the hydrophilic Au surface.?2% Concentrated 49% HF was
also utilized to maximize the glass etch rate and minimize the HF exposure time of the mask
layer. Backside protection of the glass substrate during etching was accomplished via anodic
bonding to a Si wafer with matching coefficient of thermal expansion (CTE) to the Borofloat 33.
Note that exposure of the smooth Si surface at the bottom of the through-etched holes serving as
an indicator of the endpoint of the etch (see Figure 5.1a). This wet etching scheme yielded
minimal pinholing of the glass surface (see Figure 5.1b) and enabled many chips to be
simultaneously etched across a single wafer (see Figure 5.1c).
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Formation of the membranes was accomplished by deposition of a layer of 0.2-1 um of
PECVD SiNx over the etched glass surface after removal of the photoresist/Au/Cr mask; the
stress of the film was minimized by maintaining a low temperature (125°C) and deposition rate
during the process (0.56 nm/s). Note that the exposed smooth Si at the bottom of each through-
hole served as a sacrificial substrate for conformal SiNx growth during deposition (see Scheme
5.1) and also protected the integrity of the resulting membranes from the water jet and
mechanical vibrations of the subsequent dicing process. This strategy of membrane deposition
after the glass etching process provides excellent control over the membrane thickness as a result
of the slow deposition rate and allows complete through-etching of the glass wafer to be carried
out in a single step. Other glass etching schemes which utilize the membrane material as a stop
layer rely on additional wet etching steps,® pretreatment via laser exposure,*® or deposition of a
second membrane layer,?° thereby further complicating the fabrication process.

Removal of the Si backing was initially carried out via dissolution in hot 35% KOH
solution immediately after dicing the bonded wafer pair. However, poor Si/glass etch selectivity
and the length of time required for complete dissolution (>3 hr) resulted in overetching and
extensive pitting of the chip surfaces (see Figure D2). Consequently, a wafer grinder was used to
mechanically remove ~85% of the backing (see Figure 5.2a), after which the remaining
thickness was further reduced via DRIE until a state of optical transparency was reached, as
evidenced by the visibility of the HF-etched holes through the back of the chip shown in Figure
5.2c. The residual Si was then rapidly dissolved in 35% KOH solution, thereby greatly reducing
the exposure time of the glass to the etchant and yielding much smoother chip surfaces (see

Figure 5.3b).
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Figure 5.3a shows an example of two finished devices, each containing 16 freestanding
SiNx membranes to enable parallel recording from multiple nanopore data channels, with an
example membrane displayed in Figure 5.3b. Note than the area of the membrane may be
controlled to a certain degree by altering the size of the holes patterned in the HF etching mask
(the membrane in Figure 5.3b corresponds to a 300 um mask hole). The freestanding nature of
the membranes was verified by using a scanning electron microscope (SEM) equipped with a
focused ion beam (FIB) to mill a5 um x 5 um square hole through the center of a membrane and
image its cross-section (see Figure 5.3c), the thickness of which was found to be in good
agreement with the value targeted during deposition (200 nm). FIB milling was also used to drill
a 170 nm nanopore in a 200 nm thick membrane to demonstrate the viability of these devices as
nanopore substrates (see Figure 5.3d). However, while FIB-milled pores of such dimensions are
well-suited to nanoparticle translocation measurements,?* other methods for pore formation such
as dielectric breakdown?® or transmission electron microscopy (TEM) drilling? are capable of
creating pores on the single-nanometer scale and are currently being explored in our group as a
means of creating smaller pores within these devices. Additionally, due to the fact that the
potential drop across the nanopore during a resistive pulse experiment occurs linearly along its
length,* thinning of the deposited membranes via FIB2~%° or reactive ion etching (RIE)*® is also
being investigated to further reduce the size of the sensing zone and enhance the electric field at

the pore.

54 CONCLUSIONS

Herein we have presented a novel fabrication scheme for thin, freestanding SiNx membranes
supported on glass chips in which an anodically bonded Si wafer is used for the dual purpose of
backside protection during HF through-etching of the glass support and as a sacrificial substrate

102



for direct deposition of the membrane material via PECVD, thereby eliminating the necessity of
any transfer steps. While the focus of this unpublished work is centered on microfabrication
processes rather than experimental applications, studies are currently underway to utilize these
devices for open bipolar coupling of reactions across translocating metal nanoparticles® with the
aim of creating a platform for Janus particle synthesis. Additionally, further improvements to the
fabrication scheme are being explored to enable mass production of devices utilizing 2D

membrane materials (e.g., graphene®?-34) without any intervening exfoliation/transfer steps.
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5.6 SCHEMES AND FIGURES
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Scheme 5.1. Flowchart of glass freestanding membrane chip fabrication scheme.
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Figure 5.1. (a) Optical microscope image of through-etched glass pore after 95 min in 49% HF
prior to removal of Au/Cr mask. (b) Optical microscope image of glass surface after removal of
Au/Cr mask. (c) Photograph of entire HF-etched wafer (36 dies) after removal of Au mask and

subsequent SiNx deposition.
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Figure 5.2. (a) Photograph of Si surface after thinning to ~75 um via wafer grinder. (b) Photograph

of etched glass surface of a single chip. (c) Photograph of Si chip backing after DRIE thinning.
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Figure 5.3. (a) Photograph of two completed glass freestanding membrane chips. (b) Transmission

microscopy image of a freestanding SiNx membrane surface. (c) SEM micrograph of a membrane
cross-section imaged at a 45° angle from the surface. (d) SEM micrograph of a nanopore milled

via FIB in a 200 nm thick freestanding SiNx membrane.
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APPENDIX A

Supplementary material for Chapter 2: Submicron Bipolar Electrode Arrays via Laser

Interference Lithography.

E Beam Spot Magn WD F——— 200 nm
5.00kY 3.0 200000x 49 UW Molecular Analysis Facility

Figure A1. SEM micrograph of a ~500 nm SiNy pore after evaporation of Au (50 nm) and Ti (650

nm) over the surface at 5 A/s.
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Figure A2. Cross-sectional SEM micrograph of array from Figure Al after lift-off of overlying
metal film (chip was cleaved prior to imaging). Note that Si-supported region was imaged since

freestanding membrane did not survive cleaving.

135



1200

Current / nA

0.3 0.7

-200

400
Potential / V

Figure A3. CV of 1 mM ferrocenemethanol 100 mM KCI coupled to 1 mM Fe(CN)e> 100 mM

across a BPE array using a driving potential waveform of -0.2 to 0.6 V vs. Ag/AgCl at 100 mV/s
(6 cycles).
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APPENDIX B

Supplementary material for Chapter 3:Electrochemiluminescence (ECL)-Based Electrochemical

Imaging Using a Massive Array of Bipolar Ultramicroelectrodes.

Chemicals and Materials. The following chemicals were used as received from their
manufacturers: nitric acid (HNOs, Sigma-Aldrich, 70%), perchloric acid (HCIO4, Sigma-Aldrich,
70%), hydrochloric acid (HCI, Sigma-Aldrich, 37%), sodium perchlorate monohydrate
(NaClO4-H20, Fluka, >99%), potassium chloride (KCI, Fluka, >99%), potassium hydroxide
(KOH, Sigma-Aldrich, 99.99%), platinum(lV) chloride (PtCls, Sigma-Aldrich, >99.9%),
nickel(1l) chloride (NiCl2, Sigma-Aldrich, 98%), sodium chloride (NaCl, Sigma-Aldrich, >99%),
gold(ll1) chloride (AuCls, Salt Lake Metals, 1.534% solution), Gold Etch TFA (Transene),
tris(2,2’-bipyridyl)dichlororuthenium(ll)  hexahydrate (Ru(bpy)sCl2-6H20, Sigma-Aldrich,
99.5%), 2-(dibutylamino)ethanol (DBAE, Sigma-Aldrich, 99%), potassium phosphate monobasic
(KH2POs4, J.T. Baker, 99.9%), potassium phosphate dibasic (KoHPO4, J.T. Baker, 99.9%). All
solutions were prepared with 18.2 MQ-cm deionized water from a Barnstead NANOpure water

purification system (Thermo Scientific).
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Figure B1. Plot of average lecL (yellow points) + standard deviation (black error bars) of each
individual electrode’s intensity a (a) 300-electrode and (b) 6000-electrode array subset. Panel (a)
uses the same ~300 electrode subset as was used in Figure 3.3c, while panel (b) uses all ~6000
electrodes within the field of view. Plots of ECL intensity across the array at 2.8 V for (c) the 300-

electrode subset and (d) the 6000-electrode subset.
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APPENDIX C

Supplementary material for Chapter 4:High-Throughput Electrocatalyst Screening on a Massive

Array of Bipolar Ultramicroelectrodes.

Chemicals and Materials. The following chemicals were used as received from their
manufacturers: nitric acid (HNOs, Sigma-Aldrich, 70%), perchloric acid (HCIO4, Sigma-Aldrich,
70%), hydrochloric acid (HCI, Sigma-Aldrich, 37%), sodium perchlorate monohydrate
(NaClO4-H20, Fluka, >99%), potassium chloride (KCI, Fluka, >99%), potassium hydroxide
(KOH, Sigma-Aldrich, 99.99%), platinum(lV) chloride (PtCls, Sigma-Aldrich, >99.9%),
nickel(1l) chloride (NiCl2, Sigma-Aldrich, 98%), sodium chloride (NaCl, Sigma-Aldrich, >99%),
gold(ll1) chloride (AuCls, Salt Lake Metals, 1.534% solution), Gold Etch TFA (Transene),
tris(2,2’-bipyridyl)dichlororuthenium(ll)  hexahydrate (Ru(bpy)sCl2-6H20, Sigma-Aldrich,
99.5%), 2-(dibutylamino)ethanol (DBAE, Sigma-Aldrich, 99%), potassium phosphate monobasic
(KH2POs4, J.T. Baker, 99.9%), potassium phosphate dibasic (KoHPO4, J.T. Baker, 99.9%). All
solutions were prepared with 18.2 MQ-cm deionized water from a Barnstead NANOpure water

purification system (Thermo Scientific).
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Figure C1. SEM image of gradient Pt deposition shown in Figure 4.2.
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Figure C2. (a-d) SEM images of selected electrodes from a Ni(OH). gradient deposition site. (e)

EDS map of Ni across gradient deposition site with SEM-imaged electrodes labeled.
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Figure C3. SEM image of the Ni(OH)2 gradient deposition shown in Figure C2.
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APPENDIX D

Supplementary material for Chapter 5: Novel Microfabricated Glass Freestanding Membrane

Chips for Low-Noise Nanopore Substrates.

Figure D1. Photograph of partially delaminated 2 um thick a-Si mask after HF etching.
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Figure D2. Optical microscope image of pitted glass surface after removal of Si backing via

dissolution in 35% KOH solution at 100°C.
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