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Simple Fabrication Method of Needle-Type Carbon-Disk
Microelectrodes Using Conductive Thermoplastics

Luiz F. Z. Felipe and Gabriel N. Meloni*

Carbon-based microelectrodes are extensively used for sensing
applications and space-resolved electrochemistry experiments like
scanning electrochemical microscopy (SECM). For the later,
needle-type disk microelectrodes, having a thin layer of insulator
around the conductive disk, are of great interest due to their mass
transport characteristics and small dimensions, allowing them to be
brought to close proximity of the substrate. Existing fabrication
methods for carbon microelectrodes use carbon fibers or the depo-
sition of pyrolytic carbon, which can limit the possible radii of the
fabricated microelectrodes and reproducibility. A simple method is
presented for fabricating needle-type carbon-disk microelectrodes

1. Introduction

Microelectrodes are extensively used in electrochemistry owing
to their small physical dimensions and resulting fast mass trans-
port rates."? Their small size allows experiments to be performed
in small volumes, driving their application in biological sam-
ples,>* including single-cell analyses. The fast mass transport
driven by radial diffusion and their small physical dimensions
set microelectrodes as the perfect tool for probing gradients
of concentrations over a wide range of different samples, includ-
ing larger electrodes, leading to the invention of the scanning
electrochemical microscope (SECM).”~" The ability to record spa-
tially resolved electrochemical information, either by means of an
SECM setup or by performing experiments in confined spaces,
leads to the use of microelectrodes in the investigation of several
complex electrochemical systems, including biological®'® and
abiotic, in the form of local catalytic activity studies.”?'"

Like conventional-sized electrodes, microelectrodes can be
fabricated from a plethora of conductive materials, with platinum,
gold, and carbon being the most common. Carbon-based micro-
electrodes have been used since the early 1980s, with a focus on
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using conductive thermoplastic filaments that are usually employed
for 3D printing. Using the heat of a candle to melt the thermoplastic
inside micro and nanopipettes, microelectrodes with radii smaller
than 30 um are fabricated. Through experiments, the electrodic sur-
face is revealed to be partially blocked, with a complex relation
between the size and interspacing of the conductive sites.
Simulations clarify the surface properties and demonstrate the suit-
ability of these electrodes for SECM. As a proof-of-concept, the
carbon surface is evaluated for sensing, showing that the low
capacitance of the electrodes and carbon surface can be used
for dopamine sensing and voltammetric pH measurements.

investigating biological systems, especially measuring neuro-
transmitters, with dopamine (DA), serotonin, and norepinephrine
being the most common ones.'? The oxygen-containing func-
tional groups on carbon surfaces are attributed to favor the
adsorption of organic molecules and allow for fast electron trans-
fer kinetics for neurotransmitters.”"'* Carbon-based microelectr-
odes are also regarded as biocompatible and present low specific
capacitance,”"'*'¥ decreasing limits of quantification and detec-
tion, highly desirable for investigating molecules in complex
environments and at small concentrations, like in biological sys-
tems.l"”! Beyond the facile adsorption of organic molecules, the
surface chemistry of carbon electrodes can also be explored for
selective sensing of target molecules, such as the measurement
of local pH using the redox cycling of surface-bound quinones.®

Despite the advantages, the fabrication of microelectrodes
can be time-consuming and yield low reproducibility. Amongst
other reasons (specifically biofouling), the low reproducibility is
the reason that carbon microelectrodes used for neurochemical
sensing employ liquid electrical contact,"” allowing for quick
change of electrode in a setup. The fabrication of platinum
and gold microelectrodes is well documented and reproducible,
consisting of a few steps, and can generate micro and even nano-
electrodes with different radii.”*'>'82% The fabrication of carbon
microelectrodes generally relies on one of two approaches:
a simple and easy encapsulation of carbon fiber filaments into
a nonconductive material like epoxy resin,*"’ or the deposition
of pyrolytic carbon inside a glass nano or micropipette. The first
approach is more “artisanal”, less systematic, and limits the elec-
trode radius to the size of available carbon fibers. The second
approach allows for the fabrication of electrodes with different
radii, down to the nanometer range, but yields very low repro-
ducibility, unless a bespoke machine is used.”? Another advan-
tage of the second approach in relation to the first is that
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microelectrodes with a small insulating layer around the carbon
material (small RG—radius of glass®) can be produced, known
as “needle-type disk electrodes”?¥ which are of interest for
space-resolved applications, including SECM.

For conventionally sized carbon electrodes, new fabrication
methods have emerged, including the use of 3D printing with
conductive thermoplastic filaments,”® allowing for easy and
automated fabrication of electrodes. Although conductive, these
thermoplastic filaments are not as conductive as metals, and
large 3D printed electrodes severely suffer from ohmic drop
losses.”® This is not an issue for microelectrodes due to the small
faradaic currents recorded, and these thermoplastics are great
candidates for microelectrode fabrication. In fact, Patel’s research
group has recently demonstrated how conductive thermoplastics
and 3D printing can be used to fabricate microelectrodes and
how they can be used for monitoring serotonin in biological
media.””! Due to the current spatial resolution of 3D printing
technology, microelectrode sizes were limited to 100s of um
in diameter, still appropriate for several applications and, most
importantly, provided a framework for developing new micro-
electrode fabrication methods. Here, we demonstrate a new
fabrication protocol for producing needle-type carbon-disk
microelectrodes that combines the simplicity of the “artisanal”
fabrication methods with the capability to produce electrodes
with very small RG and with varying radii, found on more complex
fabrication protocols. For such, we resort to electrically conduc-
tive, carbon-containing, thermoplastic polymers to fill glass
pulled micro and nanopipettes instead of carbon fibers or pyro-
lytic carbon. Our method is simple and quick, yielding carbon
electrodes from a few micrometers to 100s nanometers in radius
and RG as small as 1.4, making them useful for space-resolved
electrochemistry such as local sensors and SECM probes.
We explore the carbon surface of the electrodes with common,
proof-of-concept applications for carbon electrodes, such as the
oxidation of DA and voltammetric pH sensing using the redox
cycling of surface quinones.

2. Experimental Section
2.1. Materials and Chemicals

All reagents were of analytical grade and used without further
purification. Hexaammineruthenium chloride ([Ru(NH;)sICls),
potassium chloride (KCl), dopamine (DA), sodium hydroxide
(NaOH), and phosphate buffer saline (PBS—NaCl 0.01 M and
KCl 0.01M, pH 7.4) were purchased from Sigma-Aldrich.
Phosphoric acid (H;PO,). was obtained from Vetec Quimica
Fina Ltda., acetic acid (CH;COOH) from Merck, and boric acid
(HsBO;) from Quimica Brasileira to prepare 0.04 M Britton—
Robinson (BR) buffer solutions. Deionized water (resistivity:
183 MQcm™" at 25 °C) was used throughout. DA stock solutions
(100 mM) were made in 0.01 M PBS, stored in a refrigerator, and
diluted to 30 uM daily. Quartz capillary tubes, with an id. of
0.5 mm; o.d. of 1.2 mm, were acquired from Sutter Instrument.
Polylactic acid conductive thermoplastic filament containing
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carbon black (CB/PLA) was purchased from Protopasta. A com-
mercial reference electrode (Ag/AgCl, KCI 3M from Metrohm)
was used for most of the experiments, both as a reference
and counter electrode, except for SECM approach curves, where
an Ag/AgCl quasireference counter electrode was used. A boron-
doped diamond electrode (oxygen-terminated, T mm in radius)
was used to benchmark the fabricated electrodes’ solvent
window.

2.2. Electrochemical Measurements

Cyclic voltammetry and square wave voltammetry (SWV) experi-
ments were performed inside a Faraday cage and conducted
using a PGSTAT 302N potentiostat from Metrohm. The parame-
ters for the SWV were: step potential of —0.001 V, amplitude of
+0.05V, and frequency of 45 Hz within a potential window rang-
ing from +0.6 to —0.6 V. SECM approach curves were measured
inside a Faraday cage in a custom scanning probe microscopy
(SPM) rig using a 7856R FPGA card from National Instruments
controlled by the WECSPM software provided by the Warwick
Electrochemistry and Interfaces group.”® Current was recorded
with a DLPCA-200 transimpedance amplifier from FEMTO. Data
was collected every 4 us and averaged 256 times, giving a data
acquisition rate of 1028 us (4 x (256 + 1)).

2.3. Microscopy Measurements

Optical images from the microelectrodes were recorded using an
OpenFrame from Cairn, using a x40 Olympus lens with NA 0.75,
using a Cairn CellCam. The microscope was part of the SPM rig.
Scanning electron microscopy (SEM) images were acquired using
a JSM-7401F FESEM from JEOL.

2.4. Numerical Simulations

Numerical simulations of SECM approach curves and voltammo-
grams for selected electrodes were performed in COMSOL
Multiphysics v6.2, using the transport of diluted species module
with the simulation domain geometry based on the real electrode
geometry as derived by microscopy images. Details of the simu-
lation can be found in S1.

2.5. Microelectrode Fabrication

For fabricating the microelectrodes, first quartz capillaries
(0.5mm id. and 1.2 mm o.d.) were pulled to a sharp tip using
a P-2000 Puller from Sutter, creating two equal (micro/nano) pip-
ettes. The pulling parameters for the quartz pipettes can be found
in (Section S2, Supporting Information). Two different pulling pro-
grams, resulting in 2 different pipette sizes”®® were used to see if
the pipette size translated to the final electrode size. Due to the
need to polish the electrodes, their radii were dictated by the pol-
ishing step, and not the original pipette opening size.

With the help of a 3D printing pen, thin strands of the CB/PLA
conductive filament were fabricated (thickness < 0.5 mm) to be
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inserted into the back of the pulled pipettes. The strands were
generated by extruding the filament over a plastic surface, fol-
lowed by extruding the filament in air, pulling the 3D pen away
from the surface. If the pen was pulled faster than the extrusion
speed of the pen, the filament was stretched, causing it to thin
down. The thinning process can be seen in (Movie S1, Supporting
Information). Thinned strands with ~1 cm in length were inserted
in the back of the micro/nanopipettes and pushed to the pipette
tip using a 0.35 mm diameter copper wire, which served as an
electrical connection (Figure 1A). The tip of the pipettes with
the CB/PLA filament was placed over the flame of a candle to
melt the filament strand, which can be pushed with the copper
wire, forcing the material to the pipette tip. The copper wire also
bonds with the melted filament, forming the electrical contact
between the copper wire and the filament, without the need
for any additional step for making the electrical contact. A
scheme of the fabrication process of the electrodes is shown
in Figure 1A, alongside a picture of a fabricated electrode
(Figure 1B). The filling procedure with the candle can be seen
in (Movie S2, Supporting Information), in real time, taking just
a few seconds per electrode.
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Figure 1. A) Scheme of the fabrication process of the CB/PLA conductive
filament microelectrode and B) a photo of one microelectrode.
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3. Results and Discussion
3.1. Voltammetric Response of the Electrodes

After the fabrication step, with the help of an affordable USB
microscope, microelectrodes were inspected. Due to the “arti-
sanal” nature of the fabrication process, several electrodes had
partially filled tips with the CB/PLA material and were discarded.
The success rate, like other carbon microelectrode fabrication
methods,"'¥ is dependent on the training of the person fabricat-
ing the electrode, and hence cannot be meaningfully reported,
but in our experience was below 50% for all users who attempted
the fabrication method. Despite this, we believe that the simple
and quick nature of our method, when compared to others, out-
weighs the low success rate, which, in our own experience, is sim-
ilar to other reported methods.!"**%3"

Electrodes that by visual inspection had a filled tip were tested
by cyclic voltammetry, recorded with a scan rate of 50mVs 'ina
1 mM [Ru(NH5)¢*" in 0.1 M KCl solution. If the electrode had no
electrochemical response, it was polished (30s with a 1200-grit
sandpaper) using a custom-built polishing machine® until
a voltammetric response was seen. Figure 2A shows the
recorded voltammograms of 5 microelectrodes with different
radii (different limiting currents), where the characteristic sig-
moid shape of a microelectrode voltammogram is observed.['>3334
Microelectrode 1 from Figure 2 is the only one of this batch that
presented a voltammetric response without polishing, having a
radius of ~350 nm (measured by SEM, vide infra), roughly double
that of the original pipette used (Section S2, Table S4, Supporting
Information). The polishing step had two consequences: first, it cre-
ated a flat disk geometry at the electrode tip, as seen in the optical
microscope images (Figure 2B), and second, due to the conical
shape of the pipette tip, it increased the electrode radius, resulting
in the different steady-state current values seen in Figure 2A.

From the steady-state currents (i) of the voltammograms in
Figure 2, and with knowledge of the electrode RG, derived from
the SEM images (Figure 3 and S4, Supporting Information), the
radius (a) of each electrode can be calculated using Equation
(1), where X is an RG dependent constant, C is the redox probe

2' 3'

10 pm 50 pm 50 ym
50 pm 50 pm 50 pm

Figure 2. A) Cyclic voltammograms recorded in 0.1 M KCI containing 1 mM [Ru(NH;)s]*" solution with different microelectrodes (1-6) and B) their respective

microscope images. Scan rate: 50mV s~
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Figure 3. A) SEM images (scale bar: 20 pm) of microelectrodes 2 and 3 from Figure 2 and B) relation between the radii found by Equation (1) and the
geometric radii obtained from the SEM images. Microelectrode number and dot color are the same as in Figure 2, panel A.

concentration (1 mM), F is Faraday’s constant and D the diffusion

coefficient of the redox probe used (6.5 x 10°cm?s™' for
[RU(NH3)6]+3/+2).[35]
iss = XnFDCa (M

The RG of all electrodes was between 1.4 and 1.6 (Table S5,
Supporting Information), and back-diffusion will contribute to
mass transport toward the electrode surface, a characteristic of
needle-type microelectrodes. To account for that, the multiplier
constant (X) in Equation (1), usually taken as 4 for electrodes with
RG equal to or larger than 10, is increased according to the RG
value, as proposed by Zoski et al.*® The radius of each microelec-
trode can also be derived from the SEM images, as shown in
Figure 3 for electrodes 2 and 3 from Figure 2. It should be noted
that most of the voltammograms in Figure 2 do not have a true
steady-state current, as we will delve further, and, for calculating
the radius using Equation (1), the largest cathodic current value
was used. Although this is not strictly rigorous, it shows the dif-
ference between the calculated radii and what is recovered from
SEM images, which is summarized in Figure 3B. The radii of all
electrodes in Figure 3B, geometric and calculated, can be found
in (Table S5, Supporting Information). Equation (1) severely
underestimates the radii, suggesting the overall electrochemical
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response of the fabricated microelectrodes is that of a smaller disk
microelectrode. The same phenomenon was reported by Patel,?”
where all the 3D printed microelectrodes fabricated, using the
same conductive thermoplastic filament we employ here, had a
smaller radius derived from Equation (1) than from SEM images.
What is reasoned by Patel is that the surface is only partially con-
ductive owing to the distribution of conductive carbon sites on the
polymeric matrix of the thermoplastic, which behaves as a partially
blocked surface,®*® or a spatially heterogeneous electrode.®”
Understanding this behavior is complicated, and although
Compton and coworkers have laid the groundwork for mathe-
matical modeling of it, it still requires some assumptions to be
made regarding the size and spacing of the electroactive sites.>”
To better understand the behavior of our microelectrodes, we
focus on electrodes 2 and 3 from Figure 2 (also shown in
Figure 3A), which have geometric radii of 23.6 and 17.5pum
and calculated radii of 1.6 and 2.6 um, respectively. First, we com-
pare the experimental currents with simulated ones, using the
geometry derived from SEM and optical microscopy (Figure 4).
For the simulations, fast electron transfer rate (k, = 1cms™")
is assumed, which is reasonable to assume for hexamine ruthe-
nium over carbon.?#“% The voltammetric profile is very different
between experiments and simulations, with experimental ones
(Figure 4—Dblack dots) showing much smaller currents, low
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Figure 4. Experimental (dots) and simulated (red trace) cyclic voltammo-
grams recorded with microelectrodes A) 2 and B) 3 from Figure 2 and 3.
Experimental voltammograms were recorded in a 1 mM [Ru(NH3)¢]*" in

0.1 M KCI solution. Scan rate 50 mVs~". Simulated voltammograms use the
same experimental framework and the electrode geometry derived from
optical and electron microscopies (Figure 2 and 3).

hysteresis, and the absence of a true steady-state current.
Simulations (Figure 4—red trace) predict a much larger current
and large hysteresis, pointing to the contribution of linear diffusion
to the overall mass transport, owing to the large electrode size.

These suggest that only part of the surface is electroactive and
that the size of electroactive sites and space between them is such
that, at the experimental conditions (scan rate of 50mV s '),
there is no complete overlap of the diffusion layers of the active
sites, the limiting case described by Amatore,®® else the simu-
lated and experimental voltammetric profile would match. For
larger electrodes, even if a complete overlap of the diffusion layer
is seen, the voltammetric profile would be that of a slower elec-
tron transfer rate, with an apparent rate constant of (6 — 1)k,
where theta is the percentage of the electrode area blocked/
not active.®® This is only true if mass transport is only by linear
diffusion, which is clearly not the case here.®” Slower rate con-
stants in microelectrodes manifest as a decrease in the slope on
the linear region of the sigmoid voltammogram, seen by the dif-
ference in quartile-potentials,™" despite the lack of a true steady-
state currents, we can estimate, at least to a first order, the rate
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constant from the experimental voltammograms using Mirkin’s
simple analyses method (Figure S5, Supporting Information).*"
The calculated rate constants for both microelectrodes are
~0.021 cm s, smaller than what is expected for mass-transport
limited voltammograms of electrodes with the geometric and cal-
culated radii of electrodes 2 and 3 (see Section S4, Supporting
Information). This points to a surface that is partially blocked
and to the complicated (or at least unknown) interspacing and
size relation of the carbon sites on the surface. Not only is there
no complete diffusion layer overlap from the active sites, as seen
above, but now it is also clear that the sites are not independent,
as the derived rate constant is smaller than expected. If they were
all independent, behaving as an array of microelectrodes, the
derived rate constants should match that of mass-transport lim-
ited voltammograms.

To better understand the surface coverage, we can look at the
mean diffusional length during the experiment, which can be
approximated by Einstein’s Equation (Equation (2)). Where (x) is
the mean square displacement of a particle (mean diffusional
length), D is the diffusion coefficient, and t is the time, which
can be extracted from the experimental voltammograms. To recover
this value, we take the difference between the maximum value of
the first derivative of the current over time and the time when the
derivative starts to increase from zero (Figure S6, Supporting
Information) and take it as the “time to steady-state”, when the con-
centration gradient stops growing. The values were calculated as
20s for microelectrode 2 and 2.8s for microelectrode 3. This is
an approximation, and other expressions do exist to calculate the
same time parameter or the diffusion layer length over microelectr-
odes, but they assume the surface is uniformly active. Also, this
approach will overestimate the diffusional length as it is not the time
at which the diffusion layer stops growing, but the time the concen-
tration gradient stops changing. For microelectrode 2 (Figure 2
and 4A), the diffusional length is 51 um, and for microelectrode 3
(Figure 2 and 4B), 60 um. As we deduced that the active sites
are neither independent nor completely connected, this diffusion
length gives a sense of the order of magnitude of the interspacing
between the sites, as a smaller interspacing than this could result in
heavily overlapping diffusion layers, while a larger interspacing in
individual diffusion layers at each site.*”!

(x) = V2Dt )

We reason that this complex interplay between the diffusion
layers explains the lack of a true steady-state current, seen in
Figure 4. The electrode geometry (Figure 3) is that of a flat disk,
with no marked surface features (porosity, cavities, etc.) that
could possibly explain the lack of steady-state current. This is
likely a result of a mix of linear and radial diffusion over the elec-
trode surface different conductive sites, different sizes of these
sites, and different interspacing between them. The overall
contribution of linear and radial diffusion is, most likely, changing
over time, with the diffusion layer of some of these sites growing
over time, and overlapping with each other, resulting in an
ever-growing apparent electrode surface over the potential excur-
sion. The issue of not knowing the size of the conductive sites and
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their interspacing has been tackled in the literature concerning 3D
printed electrodes. Patel's and O’Neil’s groups have been investi-
gating the particle size and size distribution, finding conductive
particle clusters ranging from hundreds of nanometers to
250 um in size.*? Interestingly, most reports of large 3D printed
electrodes show an area that behaves as if it is 100% active, a large
contrast to what is seen in the microscale. This discrepancy
between the length scales, to our reasoning, points to the hetero-
geneous nature of the conductive sites’ size and interspacing.

3.2. SECM Approach Curves

One main application of microelectrodes, and in particular needle-
type microelectrodes, is in scanning probe techniques like SECM,
where they are used to probe concentration gradients around sub-
strates. Needle-type microelectrodes are of interest as the small RG
value allows for larger currents to be recorded, due to back diffu-
sion, and the electrode to be physically positioned closer to surfaces
being investigated, in both cases increasing experimental sensitivity,
very desirable for investigating small concentration gradients, such
as the ones seen in biological samples.™™ To explore this ability
in our microelectrodes, SECM approach curves over glass sub-
strates were performed with microelectrodes 2 and 3 using a
1 mM [Ru(NHs)s*" in 1 M KCl solution, with the working electrode
biased at —0.6 V and at an approach rate of 5 ums~'. With knowl-
edge of the electrode geometry, fitting experimental approach
curves with theory is possible with little effort but here, due
to the complicated nature of the heterogeneous carbon surface
of the microelectrodes, fitting the data is not straightforward.
The profile of the approach curve is dependent on the electrode
radius, RG, and the electrode-substrate separation. Since our elec-
trode is partially blocked, it is not immediately clear which radius
value to use, geometric or calculated.

At first, using the calculated electrode radius, derived from
Equation (1) (Figure 3), seems appropriate, but then the question
is which electrode body geometry to consider. Our fabricated
microelectrodes have a small RG value, which favors back diffu-
sion even if the electrode is partially blocked. As such, using the
calculated microelectrode radius and the RG value derived from
Figure 3 would result in an electrode that is physically much
smaller, which impacts the approach curve profile and minimal
approach distance. If instead we use the calculated electrode
radius and the outer glass radius from SEM images to describe
the geometry, the RG value would be much larger than the real
one, and no back diffusion would be considered. The physical
dimensions of the microelectrode greatly impact the profile of
an approach curve, and the true geometry must be considered.

The key here is understanding the overall effect that a par-
tially blocked, space-heterogeneous surface has on the micro-
electrode response and how this affects a hindered diffusion
approach curve. The microelectrode current is proportional to
the concentration gradient at the electrode/solution interface,
given by VC/d, where VC is the variation of concentration within
the thickness of the diffusion layer, . Although for the approach
curves the microelectrodes were biased at —0.6V, which should
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reduce [Ru(NHs)s]** at diffusion-limited rates, i.e., surface concentra-
tion should be near zero, this is only true at the conductive carbon
sites. As the surface is partially blocked and, as we mentioned above,
the size distribution and interspacing of these active sites must be
heterogeneous, the average concentration over the entire electrode
surface will not be zero. The diffusion layer will also be much smaller
than that of a 100% active surface. Hence, the concentration gradi-
ent will be very different from that of an electrode with the same
geometry and the entire surface active. To reproduce this effect in
simulations, we can assume an apparent value of k, that would
modulate the concentration gradient. This is the same approach
proposed by Amatore for partially blocked electrodes (not micro-
electrodes),® where the apparent rate constant directly expresses
the percentage of blockage of the surface, which, unfortunately, is
not the case for microelectrodes (vide supra). To find suitable values
of an apparent k,, simulations of the microelectrodes in bulk solu-
tion biased at —0.6 V to reduce [Ru(NH;)s]** were performed using
the microelectrode’s real geometry, derived from Figure 2 and 3,
and varying the values of k, until the simulated current matched
that at the start of the experimental approach curves. This resulted
in values of 7 x 1077 cms™ and 6.6 x 1077 cms™' for microelectr-
odes 2 and 3, respectively.

These values were used to simulate hindered diffusion
approach curves for both microelectrodes. The experimental nor-
malized approach curves, together with simulated ones, can be
seen in Figure 5, where the expected decrease in normalized cur-
rent with decrease in normalized electrode/substrate separation
(d/a) for hindered diffusion is seen.’®**

Using the microelectrodes’ real geometry and the
adjusted apparent k, values, the simulated approach curves
(Figure 5—Dblack traces) match closely with the experimental data
(Figure 5—red dots) for both microelectrodes. The advantages of
the low RG value of the needle-type microelectrodes fabricated
are evident when comparing the experimental curves with sim-
ulated ones using the real electrode radius, same values of appar-
ent k,, but with RG values of 5 (Figure 5—light blue) and 10
(Figure 5—purple trace). The experimental curves for both micro-
electrodes, and the simulated with the real RG values, are much
sharper, with the normalized current decreasing from 1 at very
small d/a values, allowing the electrode to be approached much
closer to the substrate, which favors space-resolved electrochem-
ical experiments.*¥ The impact of the concentration gradient on
the profile of the approach curves is evident when we compare
the experimental data with simulations for the same geometry
but using a k, value of 1cms™' (Figure 5—green dashed trace).
Under this condition, the normalized current decreases from 1 at
much larger d/a values, showing that the substrate hinders dif-
fusion toward the microelectrode even at much larger distances.
These results from a much larger concentration gradient devel-
oped at the electrode/solution interface at this large rate constant
(Figure S2A, Supporting Information). A smaller concentration
gradient could also be simulated by considering a fast rate con-
stant and using the calculated electrode radius and the outer
electrode body dimensions derived from electron microscopy.
With this approach, the resulting simulated approach curves,
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Figure 5. Experimental (dots) and simulated (traces) SECM approach
curves toward an insulator substrate (glass) with microelectrodes A) 2 and
B) 3 in Figure 2 and 3. Experimental approach curves recorded in a 1 mM
[Ru(NH;)e]** in 0.1 M KCI solution with the microelectrode biased at —0.6 V.
Approach rate was fixed at 5 um s~'. Simulations performed at the same
experimental conditions using the real microelectrode radius and varying
ko and RG values, described within the Figure. Simulations portrayed by
the solid black traces are the best fit for the experimental data.

when compared with the approach curves in Figure 5 (black
traces), are similar but show different current/distance behaviors
when the electrode is near the substrate (Figure S2B, Supporting
Information). This highlights the importance of understanding
what limits the electrode response, the concentration gradient.
Although both alternatives to simulating the concentration gra-
dient result in similar curves, we believe that our proposed
approach better represents the real experimental concentration
gradient and the electrode’s current/distance response. Despite
the complicated heterogeneous nature of the surface of the
microelectrodes, it is still possible to characterize their electro-
chemical performance, as we have explored for cyclic voltamme-
try and now, the SECM approach curves.

3.3. Exploring the Carbon Surface
3.3.1. pH Sensor

The conductive sites at the surface of the microelectrodes are
made of carbon black, and as such, the surface chemistry of
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carbon can be explored for chemical sensing. Oxides on the car-
bon surfaces, like quinones,!“*! undergo a proton-coupled elec-
tron transfer reaction and can be used as a voltammetric pH
sensor by monitoring the pH-dependent potential shift of the
surface-bound quinones reduction."%?°4¢! This has already been
demonstrated for 3D printed electrodes using similar conductive
thermoplastics as the one used here,”*”! but there is still a ques-
tion whether this type of electrode could be miniaturized, since it
is a voltammetric sensor, the signal depends on the quinone
coverage at the surface, and the distribution/packing of these
quinones at the surface. Microelectrodes were functionalized
to promote the formation of stable surface-bound quinones,
using a protocol reported in the literature, exploring anodization
in H,SO, solution.®*” To investigate whether the microelectro-
des’ surfaces would behave similarly to other carbon-based elec-
trodes and respond to pH changes, we use square wave
voltammetry to measure the reduction of the surface-bound qui-
nones in 0.04 M BR buffer solutions with different pHs. Figure 6A
shows the resulting voltammograms for microelectrode 4 in
Figure 2 (SEM image can be seen in Figure S4, Supporting
Information). A plot of the reduction peak potential position
(E) as a function of the pH can be seen in Figure 6B, where a linear
response to pH change (E=0.4258 — 0.0684pH — R*=0.991),
with a near-Nernstian slope, is seen, as expected for this type
of electrode.”! Four other microelectrodes were also functional-
ized, resulting in a similar linear response of peak potential posi-
tion with pH (Section S6, Figure S7, Supporting Information).
Considering all sensors, we find an average gradient of—
67.3 4+ 0.7 mV pH™" (n = 5). It should be noted that the electrode’s
polymeric matrix, PLA, can react in very alkaline medium, by
either hydrolysis or saponification, which is widely used as a sur-
face treatment to improve the electrochemical performance of
3D printed electrodes.*®4? As such, the stability of these pH sen-
sors might be limited in alkaline medium. At the pH range used
here, like what has been reported elsewhere,“”? we have not seen
degradation of the signal even at the most alkaline solution. All
experiments were performed in an aerated solution, and even so,
oxygen reduction interference is small, being most pronounced
at the highest pH solution. As quinones are known to catalyze
oxygen reduction, we reason that the partially blocked electrode
surface favors low quinone coverage, which has been reported as
a strategy to avoid oxygen reduction interference."54”

3.3.2. Dopamine Detection

Carbon-based microelectrodes are often used for neurotransmitter
electrochemical sensing, primarily DA and focusing on in vivo anal-
ysis,“>>% owing to their surface chemistry with oxygen-containing
groups.""*! To assess if the fabricated microelectrodes could be
employed for DA sensing, whose needle-type geometry will be
favorable for space-resolved and invivo experiments, cyclic vol-
tammograms were recorded in 0.01 M PBS solution containing
30 uM DA at varying scan rates (0.5, 1, and 5 Vs using microelec-
trode 4 from Figure 2. The resulting voltammograms can be seen in
Figure 6C, where the oxidation process of DA can be seen for all
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Figure 6. A) Square wave voltammograms recorded using the functionalized microelectrode 4 (Figure 2) in 0.04 M BR solutions with different pH values
(2, 4, 6, 8, and 10) and B) linear fit between the reduction peak current potential and pH. C) Cyclic voltammograms recorded using the same electrode
(microelectrode 4) in a 0.01 M PBS solution with 30 uM DA at different scan rates (0.5, 1, and 5V s™"). Cyclic voltammograms recorded in 0.01 M PBS

solution using D) microelectrode 4 and E) a 2 mm diameter disk BDD electrode.

scan rates at around +0.4 V. As DA is usually sensed using fast scan
cyclic voltammetry, at voltammetric scan rates of 100s of V s,
which we cannot perform due to instrumental limitations, back-
ground capacitive current is a severe limitation and electrodes with
low capacitance are desirable to minimize background current. We
measured the specific capacitance of our microelectrode by record-
ing voltammograms in 0.01 M PBS solution (Figure 6D) and dividing
the background current at 0V by the scan rate and dividing this
value by the geometric area of the microelectrodes, derived from
SEM images (Figure S4, Supporting Information). We found a value
of 031640.255uFcm 2 We repeated the same experiment
with boron-doped diamond (BDD) electrodes, which are notorious
for low specific capacitance®” and found values of
6.997 +0.332 uFcm 2. Our fabricated microelectrodes exhibit a
specific capacitance smaller than that of BDD electrodes, making
them potential tools for fast scanning measurements and in vivo
DA detection. We reason that the low specific capacitance, even
lower than BDD, arises from the surface heterogeneity, as only
the carbon conductive sites will contribute to the capacitance of
the electrode. As we do not know the percentage of the microelectr-
ode’s area that is active, as mentioned before, we cannot report a
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more representative specific capacitance figure, which would be
divided by the active area of the electrode. Our microelectrodes also
have a wide solvent window, measured as 3.35 Vin 0.01 M PBS solu-
tion, similar to BBD, measured as 348V in the same solution
(Section S7, Figure S8, Supporting Information), which is advanta-
geous for a wide range of sensing and measuring applications.

4., Conclusions

We introduce a simple, low-cost route to needle-type carbon-disk
micro/nanoelectrode fabrication by filling micro and nanopip-
ettes with a conductive CB/PLA thermoplastic, used for 3D print-
ing. Our method yields microelectrodes with a wide range of radii
and small RG (as low as 1.4), making them useful for SECM experi-
ments, enabling close approach to substrates. The electrochemi-
cal behavior of the fabricated microelectrodes highlighted the
heterogeneous, partially blocked nature of the conductive ther-
moplastic surface, which was reasoned with the support of
numerical simulations. We performed SECM approach curves
over an insulating substrate, demonstrating the advantage of
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needle-type electrodes for space-resolved electrochemical meas-
urements. We also explore the carbon chemistry of the microelec-
trode surface via voltammetric pH sensing using the redox
cycling of surface-bound quinones with near-Nernstian response.
The fabricated microelectrodes have low specific capacitance and
a wide solvent window (3.35V in 0.01 M PBS), supporting their
sensing application, as we demonstrate for dopamine. Our simple
fabrication method is an alternative for the quick fabrication of
needle-type carbon-disk microelectrodes that can be used for
SECM experiments and miniaturized chemical sensing.
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