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ABSTRACT
Comparing Laser Assisted Pulling and Chemical Vapor Deposition Methods in the Fabrication

of Carbon Ultramicro- and Nanoelectrodes

by

Theophilus Neequaye

Ultramicroelectrodes (UMES) (limiting dimensions <~25 pm) and nanoelectrodes (<~100 nm)
exhibit enhanced electrochemical properties compared to macroscopic electrodes. Their small
sizes and enhanced properties make them well-suited for various interesting and important
applications such as measuring redox-active species in nonaqueous solvents, studying
intermediates of fast electrochemical reactions, and investigating electrochemical and
electrocatalytic properties of single nanoparticles. While UMEs are commercially available,
nanoelectrode fabrication is still largely confined to research labs. Various methods for
constructing nanoelectrodes have been reported and continue to be developed, but most require
considerable expertise, and comparisons between different fabrication processes are lacking. In
this work, a comparison of laser-assisted pulling and chemical vapor deposition (CVD) methods
of electrode fabrication is made with the aim of optimizing production of carbon nanoelectrodes
for single nanoparticle electrochemical measurements. By examining effects of pulling
parameters, post-pulling treatments, and CVD processing, electrodes as small as ~50 nm were

successfully produced.
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CHAPTER 1

INTRODUCTION

Nanoparticles and Catalysis

Many important chemical processes such as those involved in the production of fuels,
control of emissions from industrial vehicle operation, and production of effective pharmaceuticals
have been improved over the years due to advances and continuing development of catalysts that
promote crucial reactions.! Nanoparticles have been widely employed and intensely studied for their
catalytic properties, which can be attributed to their large surface area-to-volume ratios.

Research aimed at determining the relationships between physical and catalytic properties of
nanoparticles is most often carried out using collections of nanoparticles deposited on a solid
support.2 However, ensemble measurements that are generated by these types of studies may create
an important barrier in nanoparticle characterization and optimization.® Complex considerations
such as interparticle distance, nanoparticle loading, and heterogeneity in nanoparticle size and
structure are often unavoidable for systems of multiple nanoparticles. These parameters are
typically difficult to control and characterize, making it challenging or impossible to accurately
determine connections between nanoparticle properties and catalytic activity, since measurements
obtained from multi-particle systems represent an ensemble average of nanoparticle properties
combined with aspects of particle distribution. In contrast, studies of the catalytic properties of
nanoparticles at the single nanoparticle level should produce results that are easier to interpret and

allow a more direct approach to evaluating the nanoparticle structure-function relationship.*

Measuring Electrocatalytic Properties of Single Nanoparticles

There are considerable challenges associated with single nanoparticle measurements due to

the difficulty in isolating single small particles and distinguishing low levels of signal produced at a
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nanoparticle from background. However, recent advances in electrochemical techniques have
enabled evaluation of the electrocatalytic properties of individual nanoparticles.® These
electrocatalytic measurements carried out at single nanoparticles have been performed through
evaluation of transient currents that develop as single nanoparticles impact ultramicroelectrodes
(electrodes with limiting dimensions < 25 um)® and through single nanoparticle voltammetry

accomplished by immobilizing single nanoparticles on nanometer-sized electrodes.?

Nanoparticle Impact Studies

The Bard research group® and others’® have demonstrated electrochemical measurements
of single metal nanoparticles through evaluation of current time (i-t) transients that are produced
when nanoparticles collide with an ultramicroelectrode (Figure 1). In these experiments, termed
nanoparticle impact studies, the ultramicroelectrode is held at a potential that is insufficient to drive
an electrochemical reaction. However, signal in the form of current is produced by a single
nanoparticle as it comes into contact with the electrode surface, where the nanoparticle can undergo
direct redox reaction or is able to catalyze the electrochemical conversion of reactant to product at
the applied potential.

Nanoparticle impact methods require the measurement of small current transients that
develop as nanoparticles collide with the electrode surface due to random Brownian motion.'6:17:18
The i-t response consists of a series of discrete steps for nanoparticles that irreversibly adhere to the
electrode surface after collision and catalyze the electrochemical reaction once adsorbed, or a
collection of short pulses (also called spikes or blipst®) for individual nanoparticles that either only
come into contact with the electrode for a short period of time or get poisoned once they adsorb
onto the electrode surface.!” The magnitude of a current step or spike is proportional to a particle’s

size.l?
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Figure 1: lllustrated schematic of nanoparticle impact method and typical responses. (1) The
ultramicroelectrode is held at a potential that is unable to directly oxidize reactant R to product P
(A). The n-electron oxidation reaction is also prohibited at nanoparticles far away from the
electrode surface (B). Upon collision with the electrode surface, the nanoparticle is able to catalyze
the reaction (C) and an oxidation current is observed (2-4). The particle may then either leave the
surface (D) resulting in a spike-type response (2); remain on the surface (E) resulting in a staircase
response (3); or become poisoned on the surface (F) resulting in a spike-type response (4).

Single Nanoparticle Voltammetry

Electrochemical behavior of single nanoparticles can also be determined by employing
nanoelectrodes. Restricting electrode size such that it is comparable to the size of the particle of
interest ensures that only a single nanoparticle can be attached to the surface.® Nanoparticles may be
deposited through covalent bonding, adsorption onto electrode surfaces modified with appropriate
chemical linkers, or by direct reduction of metal ions on bare electrode surfaces.??!

Zhang et al. studied electrocatalysis of the oxygen reduction reaction by single AuNPs
attached to silane-modified Pt nanoelectrodes.?? Enhancement in current associated with oxygen

reduction at AuUNPs confirmed the electrocatalytic behavior of AuNPs. Electrocatalytic activity was
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also supported by the positions of half-wave potentials which were 135-335 mV more positive than
that for same reaction at bare Pt nanoelectrodes. In a separate study, Mirkin et al. reported on the
electrocatalytic behavior of single AUNPs on carbon nanoelectrodes for the hydrogen evolution
reaction and compared results to that of ensemble gold particles.? The onset of current for the
hydrogen evolution reaction at ensemble AuNPs occurs at a potential that is significantly more
negative compared to that of the single 10 nm gold particle, confirming the electrocatalytic behavior

of a single AuNP.

Electrodes for Single Nanoparticles Measurements

Both nanoparticle impact and voltammetric measurements of immobilized single
nanoparticles require small electrodes (UMEs and nanoelectrodes, respectively) as platforms for
electrochemical measurements. UMEs that are employed for nanoparticle impact studies have been
around since the 1980s and are now commercially available. Wightman?*?* and others?>2®
discovered certain advantageous properties such as very small IR drop and small RCq time
constants (Cai is double layer capacitance) for UMEs, which have led to their widespread use for
applications such as measuring redox-active species in low-conductivity solvents, studying
intermediates in fast electrochemical reactions, and investigating electrochemical and
electrocatalytic properties of single nanoparticles through nanoparticle impact measurements.

Reports on fabrication of nanometer-sized electrodes first appeared in the mid-1980s,?” and
many types of nanometer-sized electrodes with different geometries such as inlaid disk, ring,
hemisphere, sphere, and conical produced by various fabrication techniques have since been
described. However, production of these small electrodes is still largely confined to research labs.?®-
30 Generally, nanoelectrode fabrication can be grouped under two main methods. These are bottom-

up and top-down approaches. Top-down fabrication methods involve insulating or removing
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material from bulk objects to produce smaller entities while bottom-up approaches correspond to

attaching small building blocks together to yield a small object.

Top-Down Fabrication of Nanoelectrodes

Insulation of metal wire or carbon fiber followed by careful, controlled exposure through
chemical etching or mechanical polishing is representative of top-down fabrication methods.3!-34 A
well-explored top-down method is the laser-assisted pulling technique from which platinum, gold,
silver, and carbon fiber electrodes have been made.*>3" In the laser-assisted pulling method, a thin
wire or carbon fiber (~7-100 um in diameter) is inserted into a capillary tube. A laser pulse is used
to heat the glass tube, creating a seal. Then, a second laser pulse is applied while pulling the tube
from each end to separate the tube and wire or fiber into two parts with tapered ends in which the
conductive wires or fibers are completely or partially sealed.® Careful removal of the insulating
glass layer to expose the conductive element produces ultramicro- or nanoelectrodes.

Reported carbon fiber and metal wire exposure techniques include flame etching, chemical
etching, and mechanical polishing. Wightman®® pioneered the use of flame as a post-pulling
treatment technique to fabricate electrodes with diameters of about 2 um. Further advancement
made by Huang et. al*® produced carbon fiber electrodes with tip size of about 100 nm. Zhang et al.
used argon ion beam as an etching method to fabricate carbon fiber nanoelectrodes with tip radii
dimensions ranging from 25 to 250 nm.*! Li et al. electrochemically etched carbon fiber in NaOH
solution before inserting it into a glass capillary to produce ultra-small disk-shaped electrodes.*?
Agyekum et al.*® chemically etched glass to expose platinum wire using hydrofluoric acid in their

preparation of a 6 nm platinum nanoelectrode.
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Bottom-Up Fabrication of Nanoelectrodes

An example bottom-up fabrication technique is the pyrolysis of gases such as methane and
butane inside a capillary tube with a very small internal diameter such as a nanopipette produced
from laser-assisted pulling of a glass capillary tube.** In this method, carbon is deposited inside the
small capillary tube through chemical vapor deposition.*-*® Mirkin et al. reported carbon
nanoelectrodes with diameters as small as ~4 nm by pyrolysis of methane in quartz nanopipettes at
875 °C for 30 min in a tube furnace.*® Actis et al. used an inexpensive butane microtorch to deposit
carbon inside quartz nanopipettes from a propane/butane mixture.* Baker et al. produced carbon
nanoelectrodes with planar and three-dimensional geometries by CVD of parylene C in
nanopipettes with internal diameters as small as 150 nm at the tapered end.*

Aggregation of nanoparticles in a restricted space such as within a nanopipette is another
bottom-up method used to fabricate metal nanoelectrodes. Under controllable experimental
conditions, this line of bottom-up method gives added advantage in production cost for metal
nanoelectrodes compared to top-down approaches since minimal quantities of nanoparticles are
required and metal nanoparticles are often less expensive than precious metal wires. Demaille et al.
reported the use of dithiol as a linking agent to fill up the orifice of a pipette with AuNPs in the
fabrication of gold microelectrodes.® Also, Jena et al.5? and the Mirkin group® fabricated

nanoelectrodes by sealing metal nanoparticles in nanopores.

Comparison of Nanoelectrode Fabrication Strategies

Overall, several nanoelectrode fabrication strategies have been reported (Table 1). Vast
improvements have been made over the years in terms of electrode size and robustness. However,
fabrication challenges like production cost, reproducibility, and production of more controllable

geometries persist.*
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Table 1: Selected fabrication strategies for preparing disk-shaped nanoelectrodes.

Authors Material Fabrication Strategy Radius (nm)

Hao et al.> Gold Electroplating in nanopipette 20
Chen et al.»® Carbon  CVD of CHa/focused-ion beam milling 50
Schroeder et al.®® Platinum  Laser-assisted pulling Pt wire/HF etching 6
Macpherson et al.?®  Silver Deposition nanoparticles in nanopipette 10
Li et al.>® Platinum  Laser-assisted pulling Pt wire 1
Anderson et al.>’ Carbon  CVD/HF etching 25
Fei et al.>® Carbon  Electrochemical etching/ C fiber 50
Sun et al.®® Carbon  Laser-assisted pulling C fiber 25
Ojaetal.? Platinum  Laser-assisted pulling Pt wire 100
Takahashi et al.*8 Carbon CVD of CHasusing furnace 2
Morton et al. Carbon CVD of parylene C NR?
Actis et al.* Carbon  CVD of mixed C3Hg/C4H10 using microtorch 10

®Not Reported

Research Obijectives

Electrochemical measurements of single nanoparticles can provide information about the
relationship between nanoparticle structure and function, which is necessary to design and optimize
nanoparticle electrocatalysts. Carbon is desirable as a material for producing nanoelectrodes to
study electrochemical behavior of single metal nanoparticles through immobilization strategies
since carbon is relatively inert towards many important electrochemical reactions catalyzed by
metal nanoparticles.? In this work, carbon ultramicroelectrodes were fabricated through two
different pathways, laser-assisted pulling of carbon fiber and chemical vapor deposition of carbon
in nanopipettes, in an effort to optimize conditions for producing electrodes capable of studying
electrocatalytic behaviors of single nanoparticles. Effects of pulling parameters, post-pulling
treatment strategies such as flame etching and manual polishing, and CVD processing on electrode
size were investigated. Electrodes as small as ~50 nm were successfully produced. Future efforts
will be directed towards further reducing electrode size, improving the reproducibility of electrode

fabrication, and exploring nanoparticle immobilization strategies.
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CHAPTER 2

EXPERIMENTAL

Materials

All chemicals were used as received from the manufacturer. Ferrocenemethanol (FcMeOH,
>97%) was obtained from Acros Organics and potassium chloride (99+%) from Sigma-Aldrich.
Borosilicate glass (O.D 1.0 mm, I.D 0.58 mm) and quartz glass (O.D 1.0 mm, I.D 0.30 mm)
capillaries were purchased from Sutter Instrument Co. (Novato, CA). Silver conductive adhesive
paste was obtained from Beantown Chemical (Hudson, NH) and nichrome wire from Parr
Instrument Co. (Moline, IL). Carbon fiber (7 um in diameter) was purchased from Goodfellow
Cambridge Limited (Huntington, England). Butane/propane mix (30:70) used for CVD was
purchased from Coleman Co. Inc. (Wichita, KS). All agueous solutions were prepared using 18.2
MQ-cm ultrapure water, which was obtained by passing deionized water through a Millipore

Synergy purification system.

Preparation of Carbon Fiber Electrodes

Carbon fiber ultramicroelectrodes (CFUMEs) were fabricated using borosilicate glass
capillaries and a laser-assisted pipette puller (Sutter Instruments P- 2000). First, a collection of
carbon fibers (~10 cm in length) (Figure 2A) was washed with ethanol, acetone and distilled
water.*® The fibers were subsequently dried in an oven at 60°C for 30 min. A single carbon fiber
was then carefully separated from the pre-treated bunch and inserted in a borosilicate glass capillary
through vacuum aspiration. Successful incorporation of the fiber in the capillary was verified by
viewing the capillary under a Nikon microscope interfaced with a Pixlink CCD camera that was

connected to a computer (Figure 2B).
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The ultimate size and tip shape of an electrode prepared using the laser-assisted pulling
method greatly depends on the applied pulling parameters. Though several research works have
reported pulling parameters that produced small functional electrodes for various applications using
P-2000 pullers,*3%4% values associated with pulling settings are unitless and each puller is unique.®®
Therefore, pulling parameters, which include HEAT, FILAMENT, VELOCITY, DELAY, and
PULL, must be adjusted in order to obtain desired electrode size and shape.

The HEAT value which ranges from 0 to 999 represents the output power of the laser and
the amount of energy directed onto the capillary glass. FILAMENT value determines the scanning
pattern of the laser beam with lower values representing smaller scanning areas and higher values
corresponding to larger scanning areas. VELOCITY is noted for the speed at which the puller bar
moves before executing the hard pull. DELAY and PULL parameters control the timing of the start
of the hard pull relative to the deactivation of the laser and the force of the hard pull, respectively.®

With the aid of the pipette puller and suitable pulling parameters, the capillary was
separated into two parts. Vacuum was applied to each of the two open ends of the capillary
throughout the heating and pulling process so that the carbon fiber could be sealed in the glass
capillary (Figure 2C), producing two carbon fiber electrodes. Conductive silver paste was applied to
a nichrome wire, which was then inserted into the open end of each pulled electrode to make
contact with the carbon fiber inside the capillary tube and create an external connection for
connecting the electrode to the electrochemical workstation (Figure 2D). Epoxy was used to seal
the open end of the capillary and hold the external wire in place. Epoxy was left to dry overnight

prior to electrode use.
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LM

Figure 2: Stages of carbon fiber ultramicroelectrode fabrication by laser-assisted pipette pulling.
A) Bunch of carbon fibers washed with acetone, ethanol and distilled water. B) Single carbon fiber
inserted in a borosilicate glass capillary. C) Sealed carbon fiber in a pulled borosilicate glass
capillary. D) Fabricated electrode with nichrome connection wire. Blue arrows in B and C indicate
location of the carbon fiber.

Preparation of Carbon UMEs Using CVVD Method

Pipettes with tapered tip openings were pulled from a quartz capillaries using the laser-
assisted pipette puller. Carbon was deposited into the nanopipette through a previously described
chemical vapor deposition (CVD) fabrication process (Figure 3).6* The larger untapered end of the
nanopipette was connected to a propane/butane mixture using Tygon tubing, and the smaller
opening was placed in the path of a low opposing flow of argon. A butane flame from a microtorch
(Bernzomatic) was directed onto the smaller opening of the nanopipette to carry out pyrolysis of the
flowing propane/butane mixture inside the capillary for about 20 s to deposit a layer of carbon in
the pipette (Figure 4). Electrical connection to the deposited carbon was achieved by inserting a
stainless steel or nichrome wire into the unfilled end of the capillary tube so that it contacted the

deposited carbon at the tapered end.

19



B\
i

ANOPIPETTE

PROPANE]

FUME HOOD

Figure 3: Schematic representation of CVD of carbon in a nanopipette to produce
ultramicroelectrodes

A B

— |

Figure 4: Images of pulled quartz nanopipette and CVD carbon electrode. Pulled pipette before
(A) and after (B) carbon deposition.

Post-Pulling Treatment Techniques for Electrodes

Manual mechanical polishing and butane flame etching were the two post-pulling treatment
strategies employed to expose carbon fibers which were sealed in borosilicate glass by the pulling
process. Fabricated electrodes were carefully polished on an 800-grit abrasive paper by hand to
produce disk-shaped electrodes. Electrochemical responses of electrodes were tested after every 2
min of polishing to monitor the polishing process. Breaking of electrode tip because of vigorous

polishing and improper handling is a major challenge encountered in employing this post-pulling
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treatment method as well as other frequently used mechanical fiber exposure methods such as
beveling by use of a motor-controlled, rotating polishing disk.

Flame etching was carried out by using a butane microtorch. The flame was applied to the
small tip opening of the pulled borosilicate capillary containing the sealed carbon fiber for a time of
approximately 5 s to melt the glass and etch the carbon fiber. This procedure was repeated for a
number of times until the desired electrochemical response that indicated a functioning electrode

was obtained.

Characterization of Electrodes

It is very important to completely characterize the shape and size of nanoelectrodes because
small variations in their geometries can cause differences in their electrochemical response.
Electron microscopy technigues such as transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) as well as electrochemical methods are mainly used in characterizing
nanoelectrodes.? It is mostly challenging to completely characterize nanoelectrodes with adequate
spatial resolution using electron microscopy because of the small sizes of the conductive electrode
surface and extensive charging effects from the surrounding glass insulator.

In these studies, sizes of fabricated electrodes were determined via the electrochemical
method of cyclic voltammetry (CV). A two-electrode system was used for CV measurements with
Ag/AgCI (in 3 M NacCl) serving as the reference/counter electrode and the carbon electrode as the
working electrode. All measurements were carried out at room temperature using a Bioanalytical
Systems Inc. Epsilon electrochemical workstation.

Unlike typical macroelectrodes, which exhibit peak-shaped CV responses for redox
reactions due to linear diffusion,®? ultramicro- and nanoelectrodes produce sigmoidal-shaped CVs

for faradaic reactions due to the dominance of radial diffusion in mass transport to and from the
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electrode surface.®? The steady-state limiting currents obtained from CVs of disk-shaped
ultramicro- and nanoelectrodes in aqueous solutions of common redox probes can be used to
estimate the electrode radius via the equation:

iss = 4nFDcr )
Where i, is the steady-state limiting current, n is number of electrons involved in the redox
reaction, F is Faraday’s constant (96,484.56 C/mol at 25 °C), r is electrode radius in cm, D is
diffusion coefficient of the redox probe in cm?/s, and c is the bulk concentration of the redox probe
in mol/cm?. In these studies, sizes of carbon electrodes were determined via equation 1 using the
one-electron oxidation of the common redox probe ferrocene methanol, which has a diffusion

coefficient of 7.6x10°° cm?/s.4?
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CHAPTER 3

RESULTS AND DISCUSSION

Pulling Parameters and Electrochemical Responses

Fabrication of nanometer-sized electrodes through laser-assisted pulling techniques depends
greatly on the applied pulling parameters and the type of glass capillary used.®® Though many
different sets of pulling parameters were tested, four different combinations (programs A-D in
Table 2) were found to adequately seal carbon fibers in borosilicate glass capillaries. Another
combination of settings (program E in Table 2) also seemed to mostly produce sealed carbon fibers,

but exhibited long fragile tapered tips (Figure 5).

Table 2: Pulling parameters used in making carbon fiber ultramicroelectrodes

Program Heat Filament Velocity Delay Pull
A 450 0 18 20 0
B 330 3 30 220 0
C 450 1 15 80 0
D 500 1 20 150 0
E 450 1 15 80 50

B C
; ;
D k
Figure 5: Representative images of carbon fibers sealed in borosilicate capillaries prepared by

laser-assisted pulling. Images A-E correspond to sealed fibers obtained from pulling parameters A-
E listed in Table 2.
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One of the most important pulling parameters for obtaining robust and well-sealed fibers
was the pull value, which largely controls the taper of the pulled capillary. Programs with pull
values > 0 typically produced fragile, tapered electrode tips (Figure 5E) that were not functional as
the tapered tip typically broke as a result of electrode handling. Programs that included pull value =
0 generally enabled effective sealing of the fiber in the borosilicate glass and produced electrodes
with blunt, resilient ends. Since the puller bars tend to naturally pull apart and draw out the glass
upon heating of the capillary even with pull values of 0, a piece of copper wire wrapped around the
capillary clamp adjustment screws on the puller arms or a puller bar stopper®* was used to limit the
motion of the puller bars during the sealing process for programs with pull values of 0.

Of the four different pulling programs found to effectively seal carbon fibers in glass
capillaries and also produce durable, and stable electrodes, only one program (program A) produced
electrodes that exhibited electrochemical response towards FcMeOH/FcMeOH™ redox couple
without any post-pulling treatment (Figure 6). In contrast, electrodes prepared using pulling
programs B, C, and D exhibited no faradaic current when electrochemical response towards
FcMeOH was tested immediately after fabrication, indicating that the carbon fiber was completely
sealed in glass and not accessible to the diffusible redox species in solution.

Interestingly, the small currents measured for the oxidation of FcMeOH at the electrode
prepared using program A suggest that an UME was produced. However, the CV contained a pair
of peaks associated with the FcMeOH/FcMeOH™" redox couple, which indicates a relatively slow
transport process and is not consistent with UME behavior since UMEs are known to exhibit
sigmoidal CV response due to fast radial diffusion that dominates transport. This unexpected peak-
shaped response with low current was also observed by Velmurugan et al.® for platinum

nanoelectrodes prepared by laser-assisted pulling. This behavior is indicative of the presence of a
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thin layer of glass covering the electrode, which increases viscosity near the electrode surface due

to the presence of a hydrated glass gel layer and inhibits transport of the redox species.%
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Figure 6: Cyclic voltammograms for sealed carbon fiber electrodes in 0.5 mM FcMeOH with 0.1
M KCI. Responses obtained from electrode with exposed fiber made from pulling program A (blue
line) and from electrode with completely sealed fiber made from pulling program C (red line).
Electrodes made from pulling programs B and D produced similar response as that of program C.
Results for sealed fiber (red line) is replotted in inset for clarity. Scan rate for each CV was 25
mV/s.

The separation between the cathodic and anodic peaks was found to be 70 mV, which is
larger than the expected 59 mV for this faradaic reversible one-electron reaction.®? Velmurugan et
al. reported similar findings in their study of electrochemistry through glass using platinum
nanoelectrodes.®* They found the peak separation for the Ru(NH3)s**/Ru(NH3)s?* redox couple to
be 95 mV, and concluded that the 35mV increase in peak separation over the expected value is
related to the resistance of the thin glass layer that hinders transport of the redox probe to the
electrode surface. The cathodic and anodic peaks for ferrocene methanol were centered at 0.280 V
vs. Ag/AgClI, which is 80 mV more positive than that which has been previously reported using
other electrode systems.® This also may be related to the glass layer at the electrode surface since it

was previously reported by Lowinsohn et al.¢ that the position of the FcMeOH/FcMeOH* redox
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couple can shift by up to 140 mV more positive than expected when the electrode surface is

modified in a way that affects hydrophobicity.

Post-Pulling Treatment Methods to Expose Insulated Carbon Fibers

Since pulling programs B, C, and D resulted in fibers that were completely insulated by
glass, post-pulling treatments were necessary to remove glass insulation and expose the conductive
fiber in order to produce electrodes. Post-pulling treatments were also applied to electrodes
prepared using pulling program A in an attempt to improve electrochemical response. Two post-
pulling treatment procedures, flame etching and mechanical polishing, were carried out on separate

sealed fibers in order to test their efficacy for producing small electrodes.

Flame Etching of Carbon Fiber

Flame etching was completed by directing a butane flame onto the sealed fiber for ~5 s.
Sealed fibers produced from pulling programs B, C, and D were sufficiently exposed after flame
etching to produce carbon UMEs (Figure 7) with limiting currents for FcMeOH oxidation ranging
from 100-450 pA. Flame etching of electrodes produced using program A parameters also resulted
in sigmoidal-shaped CV response with ~200 pA limiting current for the FcMeOH/FcMeOH™ redox
couple, which further supports the idea that electrodes prepared directly by program A may have
been covered by a thin layer of glass immediately after pulling.

In the case of electrodes prepared from program A, flame etching was capable of removing
the thin glass layer from the electrode, resulting in expected sigmoidal-shaped UME behavior
(Figure 7A) instead of the previously observed peak-shaped response (Figure 6). Limiting currents
observed for oxidation of FcMeOH using electrodes prepared from various pulling parameters and

subsequent flame etching correspond to electrode radius ranging from 230 nm to 390 nm. The

26



smallest electrodes resulted from program C, which produced a more pointed tip with little glass

insulator around the carbon fiber.
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Figure 7: Appearance and electrochemical response of flame-etched electrodes. Images depict an
electrode produced using program C before (A) and after (B) flame etching. C) Representative CVs
of flame-etched electrodes in 0.5mM FcMeOH in 0.1M KCI. Scan rate = 25 mV/s.

Manual Mechanical Polishing to Expose Carbon Fiber

Manual mechanical polishing on 800-grit abrasive paper was employed as an alternative
method to expose sealed carbon fibers. Polishing was carefully done in a circular manner. Like

flame etching, polishing also led to exposure of sealed carbon fibers to produce UMEs (Figure 8).
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Figure 8: Appearance and electrochemical response for electrodes produced by manual polishing.
Images depict an electrode prepared using program before (A) and after (B) manual polishing. C)
Representative CVs of manually polished electrodes in 0.5 mM FcMeOH and 0.1M KCI. Scan rate
=25mVI/s.
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Limiting currents for the FcMeOH/FcMeOH™ redox couple using electrodes produced by
polishing were generally smaller than those obtained using electrodes prepared from the same set of
pulling conditions coupled with flame etching. Limiting currents for polished carbon fiber UMEs
ranged from 60-350 pA, corresponding to sizes of 200 nm to 360 nm. As with flame-etching,

pulling program C produced the smallest electrode (Figure 9 and Table3).
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Figure 9: Representative CV responses of 0.50 mM ferrocene methanol in 0.10 M KCI using
ultramicroelectrodes with <250 nm radii produced by both manual polishing and flame etching.
Small manually polished (blue line) and flame etched (red line) electrodes were both prepared using
program C. Scan rate is 25 mV/s.

Table 3: Minimum sizes (radii in nm) of electrodes prepared from different pulling programs and
post-treatment techniques

Program Manual Polishing Flame Etching
A 270 260
B 260 280
C 200 230
D 390 360

Effects of Post-Pulling Treatment Techniques on Electrode Reproducibility

Another vital challenge in nanoelectrode fabrication is reproducibility. Size variability of

electrodes made by manual polishing and flame etching was evaluated by comparing
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electrochemical responses of identically prepared and post-pulling-treated electrodes. In total, 20
capillaries with fibers sealed using pulling program C were prepared, and 10 each were treated
using manual polishing and flame etching to produce carbon UMEs. Electrode sizes were

determined based on CV response towards FcMeOH oxidation (Table 4).

Table 4: Variations in carbon fiber UME size for electrodes prepared using different post-pulling
treatment strategies

Treatment Functional Electrodes Average Radius (nm)
(out of 10) (z Standard Deviation)
Flame etching 4 250 ( 15)
Manual polishing 7 214 (= 9)

The average size of manually polished electrodes was slightly smaller but significantly
different (at the 95% confidence limit) than that of flame-etched electrodes. Though both methods
exhibited variation in electrode size of <7% based on relative standard deviation, the success rate of
producing functional electrodes through manual mechanical polishing (70%) was greater than that
using flame etching (40%). Overall, manual polishing produced smaller electrodes and proved to be
more controllable than flame etching since measurements could be taken periodically during the
process until a desired (sigmoidal-shaped) response was obtained. With flame etching, the short
time needed for fiber exposure and lack of control over flame properties that affect melting of the

glass and etching of the fiber made it more difficult to control electrode fabrication.

Electrochemical Responses from CVD Electrodes

Since sealing of carbon fibers in glass capillaries and exposure of electrode surface through
post-treatment strategies led to electrodes with sizes of 200 nm or greater, chemical vapor
deposition (CVD) was explored as an alternative for making smaller electrodes. Quartz capillaries

(1.D. 0.30 mm) were processed using the laser-based pipette puller to produce capillary pipettes
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with tapered ends. For pipette preparation, typical pulling parameters were Heat: 850, Filament: 4,
Velocity: 36, Delay: 140, and Pull: 50. CVD was carried out inside the quartz capillary at the
tapered end using a butane microtorch to heat a propane-butane mixture,** which resulted in carbon

UMEs.

Types of Responses Associated with Electrodes Prepared by the CVD Method

Two general types of electrochemical responses were obtained from carbon-filled pipettes
prepared by CVD. Sigmoidal responses towards the FcMeOH/FcMeOH™ redox couple, which were
expected and are indicative of disk-shaped carbon UMESs, were most often obtained (Figure 10).
The second type of response had an unusual combination of small faradaic current with a peak-
shaped response when CVs were conducted at a scan rate of 25 mV/s (Figure 11A). However, in
contrast with carbon fiber electrodes prepared by laser-assisted pulling using program A which
exhibited a similar behavior (Figure 6), the peaks in this case were centered at 0.200 V vs. Ag/AgClI
as expected, and the peak separation of 2 mV was less than the theoretical value (59 mV).
Interestingly, a sigmoidal response was obtained when CVs were conducted at a scan rate of 10

mV/s for the same electrode in FcMeOH (Figure 11B).
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Figure 10: CV responses of 0.5 mM FcMeOH in 0.1 M KCI solution obtained using a CVD UME
at different potential sweep rates. Scan rate = 10 mV/s (blue line) and 25 mV/s (red line).
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Figure 11: Scan-rate dependent CV responses of CVD carbon electrodes prepared by under
deposition of carbon in the pipette tip. A) Peak-shaped form of response using a scan rate of 25
mV/s. B) Sigmoidal-shaped form of response using a scan rate of 10 mV/s.

The scan rate dependence of the shape of the CV signal is consistent with CV behavior that
has been previously described for carbon nanosampler electrodes prepared by CVD. Yu et al.*°
showed that such nanosampler electrodes could be prepared using CVD by limiting the deposition
time so that the thin layer of carbon deposited on the inside of the pipette at the tapered opening
forms a carbon nanoring with a nanometer-sized cavity in the center rather than a disk. The cavity
enables solution to be drawn in to the pipette tip creating contact with the electrode.

The electrochemical behavior of nanosampler electrodes at relatively high CV scan rates
essentially mimics that of an electrode with a thin layer of redox species immobilized on the
surface, which similarly exhibit peak-shaped response and peak separation values of around 0
mV.*° For nanosampler electrodes, the forward (anodic) peak is higher in magnitude than that of the
reverse (cathodic) peak because of the additional steady-state anodic component of the sigmoidal
curve. This asymmetrical nature of peaks results from the inclusion of steady-state diffusion current
to the pipette orifice (Figure 11B). Again, CV shape here is strongly dependent on the scan rate.

Curve B in Figure 11 generated at a scan rate of 10 mV/s is totally sigmoidal, and it can be difficult

to distinguish this response from similar voltammograms obtained from disk-shaped
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nanoelectrodes. The sigmoidal behavior at slow scan rates is due the contribution of quasi-spherical

diffusion to the carbon nanoring from the redox species in the bulk solution.*®

Responses from Functional CVD Electrodes Used in Size Estimation

Every pull produced a pipette pair (one each from both left and right puller arms of the
laser-assisted puller), and pipettes in each pair were processed using CVD in the same way to
produce electrodes. Electrodes obtained from left puller arm (blue curve) gave a smaller
electrochemical response towards the FcMeOH/FcMeOH™* redox couple than those from the right

puller arm (red curve) (Figure 12).
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Figure 12: Representative CVs of CVD disk-shaped carbon ultramicroelectrodes comparing sizes
of twin electrodes. Blue curves represent voltammograms from the left pulling arm. Red curve
voltammograms are those obtained from the right pulling arm. Scan rate is at 25 mV/s.

Electrodes made from the left part of the pulling compartment gave steady-state diffusion
current of 20 and 35 pA corresponding to radii of 130 and 230 nm compared to their right arm
counterparts with 35and 65 pA representing electrode radii of 290 and 430 nm. This significant
difference in electrode size may be due to uneven melting of glass during pulling or unequal
deposition of carbon and melting of quartz pipette by butane flame, which occur during the CVD
process. Mirkin’s group®® explained that localized heating at the small tapered end of pulled

capillary tubes during CVD of carbon carried out in a tube furnace at a temperature of 900 °C helps
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reduce electrode size. However, this process may also lead to size variations. The butane flame used
in this work possesses a higher temperature (1430 °C) than the tube furnace, so melting of quartz
during CVD is reasonable. Further work was done by adjusting deposition time which led to the

production of a nanoelectrode with radius 50 nm (Figure 13).
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Figure 13: Representative CV from the smallest CVD electrode of 0.50 mM ferrocene methanol in
0.10 M KClI
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CHAPTER 4

CONCLUSIONS

Nanomaterials can exhibit enhanced catalytic properties for various chemical and
electrochemical reactions compared to bulk materials due to their relatively large surface area-to-
volume ratios. The relationships between physical and catalytic properties of nanoparticles have
been determined through research using collections of nanoparticles deposited on solid supports.
But, these ensemble measurements may create important barriers in nanoparticle characterization.
In contrast, catalytic properties of nanoparticles determined at the single nanoparticle level should
enable easier and more reliable evaluations and comparisons of nanoparticle structure-function
relationships.

Recent advances in electrochemical techniques have enabled evaluation of the
electrocatalytic properties of individual nanoparticles. These electrocatalytic measurements on
single nanoparticles have been performed through evaluation of transient currents that develop as
single nanoparticles impact UMEs and through single nanoparticle voltammetry accomplished by
immobilizing single nanoparticles on nanoelectrodes. Carbon is desirable as a platform for
immobilizing single metal nanoparticles since it is not catalytically active towards many
electrochemical reactions promoted by metal nanoparticles and thus does not interfere in the
electrochemical response obtained from metal particles during studies of electrocatalysis.

In these studies, sealing of carbon fibers in borosilicate glass capillary tubes and chemical
vapor deposition of carbon in quartz tapered capillary tubes were investigated and compared as
methods for preparing carbon ultramicro- and nanoelectrodes. Both techniques required use of a
laser-based pipette puller. Four pulling programs were found to provide adequate sealing of the

carbon fiber in the glass capillary tube. Although these four pulling programs effectively sealed
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carbon fibers in glass capillaries to produce durable and stable electrodes, only those fabricated
from program A produced electrodes that gave electrochemical response towards FcMeOH redox
probe immediately after pulling. However, these electrodes exhibited peak-shaped response instead
of the expected sigmoidal response, which indicated that the fiber may have been coated with a thin
layer of glass.>

Post-pulling treatments were applied to expose carbon fibers that were completely sealed or
seemingly obscured by a thin glass layer. Flame etching and manual mechanical polishing were
employed to further expose and etch carbon fibers in order to produce electrodes with radii of 200-
390 nm. Though both post treatment techniques yielded functional electrodes, a higher success rate
in electrode fabrication was exhibited by manual mechanical polishing.

Chemical vapor deposition (CVD) of carbon in quartz Ultramicro- and nanopipettes was
also investigated as a method for preparing UMEs. Carbon electrodes produced by CVD could be
fabricated in shorter time and required no post-treatment. The electrochemical behavior of CVD
carbon UMEs depended on carbon deposition time. The smallest of electrode made from this
fabrication technique was of radius 50 nm which is about four times smaller than the smallest
electrode prepared from laser assisted pulling of carbon fiber. Though the applied pulling program
consistently produced electrodes with desired responses, the CVD method proved not to be as
reproducible from this work, which is evident in the exhibited large variations from CVs of these
twin electrode pairs. In contrast, Actis et al.** investigated the reproducibility of nanoelectrodes
prepared from CVD by the same strategy reported here. CVD electrodes prepared from pipettes
produced by the same pulling parameters were reported to show relatively narrow size distribution
with an average radii of 30 (= 4) nm. CVs from fabricated twin electrodes exhibited good

agreement with little variations for all sets of electrodes.
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Though both electrode fabrication methods were successful, CVD of carbon proved to be a
simpler and easier approach than the sealing of carbon fiber in a glass capillary through laser-
assisted pulling. The electrodes prepared in these studies may be employed in nanoparticle impact
studies, but the sizes are likely too large for immobilization of single nanoparticles. To produce
smaller electrode sizes, beveling (a more automated and controllable mechanical polishing post-
pulling treatment technique) will be applied to carbon fiber electrodes and the usage of furnace
(with controllable temperature) for the deposition of carbon will be carried out for the CVD

method.
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