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ABSTRACT: Since their invention in the 1950s, composite
carbon electrodes have been employed in a wide variety of
applications, ranging from batteries and fuel cells to chemical
sensors, because they are easy to make and pattern at
millimeter scales. Despite their widespread use, traditional
carbon composite electrodes have substandard electrochemis-
try relative to metallic and glassy carbon electrodes. As a result,
there is a critical need for new composite carbon electrodes
that are highly electrochemically active, have universal and easy
fabrication into complex geometries, are highly conductive,
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and are low cost. Herein, a new solvent-based method is presented for making low-cost composite graphite electrodes containing
a thermoplastic binder. The electrodes, which are termed thermoplastic electrodes (TPEs), are easy to fabricate and pattern, give
excellent electrochemical performance, and have high conductivity (700 S m™"). The thermoplastic binder enables the electrodes
to be hot embossed, molded, templated, and/or cut with a CO, laser into a variety of intricate patterns. Crucially, these
electrodes show a marked improvement in peak current, peak separation, and resistance to charge transfer over traditional carbon
electrodes. The impact of electrode composition, surface treatment (sanding, polishing, plasma treatment), and graphite source
were found to significantly impact fabrication, patterning, conductivity, and electrochemical performance. Under optimized
conditions, electrodes generated responses similar to more expensive and difficult to fabricate graphene and highly oriented
pyrolytic graphite electrodes. The TPE electrode system reported here provides a new approach for fabricating high performance
carbon electrodes with utility in applications ranging from sensing to batteries.

B INTRODUCTION

Carbon electrodes have been widely used because of their
favorable electroactivity, biocompatibility, chemical stability,
high conductivity, wide potential window, and low cost.
Common carbon electrodes include glassy carbon, screen-
printed carbon (SPE), carbon paste (CPE), boron-doped
diamond (BDD), carbon black, pyrolytic graphite, carbon
nanotubes, and graphene." The breadth of applications of
carbon-based electrodes is diverse and includes batteries,” fuel
cells,3 wastewater treatment,4’5 supercapacitors,6 anti-static
applications,” and chemical sensors.”” One challenge with
carbon electrodes, however, is the trade-off between ease of
fabrication and electrochemical performance. Composite
electrodes (CEs) are made from carbon particles held together
with a binder and are among the easiest carbon electrodes to
make and pattern into millimeter-sized electrodes.'” Smaller
and more complicated CEs are difficult to make. To assemble
carbon CEs, a broad range of binders including wax,'!
liquids,"> epoxy,"® and plastics such as poly(methyl meth-
acrylate) (PMMA),"*™'® Teflon,'”"® and polyethylene'®™*’
have been used. While carbon CEs are easy to fabricate, they
generally suffer from low conductivity and slow electron-
transfer kinetics. As a result, there remains significant interest in
developing CEs that are inexpensive and easy to fabricate but
also highly conductive and possess high electrochemical
performance.
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Among binder materials, PMMA has been largely ignored,
and only a handful of reports exist on its use as a binding
medium. The lack of use of PMMA as a binder is odd
considering its low cost, ready availability, solubility in a variety
of solvents, and popular use in analytical devices.”
Methacrylate thermoplastic CEs are known™ but have largely
relied on either complex fabrication methods'*'” or methods
that limit patterning.24 More recently, an in situ polymerization
method for making PMMA:carbon nanotube electrochemical
devices was developed,'®® as well as an impregnation
technique to fabricate PMMA:graphite electrodes.”® While
these reports provide a basis for the current studies, it is
generally unclear how CEs processing change to parameters
such as surface treatment, particle size, carbon source, and
binder:carbon composition can be used to improve electrode
fabrication, patterning, conductivity, and electrochemical
performance.

Here, a new solvent-assisted fabrication technique for
generating electrodes we refer to as thermoplastic electrodes
(TPEs) is reported. TPEs can be patterned via template
printing, embossing, and laser cutting into a variety complex
geometries, including flow channel and pillar arrays with
micrometer-sized features. Electrode conductivities 10- to 100-
fold higher than those of traditional screen-printed carbon
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Figure 1. (A) General fabrication method for making templated TPEs. (B) 1:2, 11 gm TPE with 14 individually addressable 150 ym wide bands, and
an array of 150 ym diameter individually addressable TPEs. (C) Laser-cut TPE letters, which were hot pressed into a premade matching template.
(D1) Serpentine microchannel SU-8 template (top) and the negative embossed image into a 1:0.3, <500 nm TPE. (D2) channels embossed in a 1:2,
11 ym TPE. (D3) Hot embossed pillar array using a 1:0.3, <500 nm TPE.

electrodes can be achieved by varying the PMMA:carbon ratio,
with 11 gm graphite particles giving conductivity as high as 700
S m™". Following conductivity measurements, electrochemical
characterization using cyclic voltammetry and electrochemical
impedance spectroscopy in comparison to glassy carbon,
screen-printed carbon, and Pt electrodes was carried out
using ferricyanide as the redox probe. The TPE outperformed
both commercial carbon electrodes and performed similarly to
the Pt electrode. A variety of inner- and outer-sphere redox
probes designed to test different electron-transfer processes
were then evaluated. Surface treatments, including polishing,
sanding, and plasma exposure, provide the ability to tune the
reactivity, activating and deactivating the electrode for certain
chemical systems. Remarkably, with surface treatments, the
TPE demonstrates electrochemistry toward the highly surface-
sensitive redox probes of dopamine and ascorbic acid
comparable to that of the more difficult to prepare electrode
materials of graphene, carbon nanotubes, and/or highly
oriented pyrolytic graphite (HOPG). Finally, the electrodes
were characterized through scanning electron microscopy
(SEM) and Raman spectroscopy to elucidate changes in the
electrode composition resulting from the surface treatments.
Major structural changes of the TPE surface are seen in the
SEM images for each treatment. Interestingly, the Raman
spectra suggest that the quantity of edge-type defects
(crystallite domain size) did not drastically change, with little
or no vacancy or sp’ defects being introduced upon surface
treatment. Overall, TPEs provide a significant stepping stone
for future advancement in the fabrication and integration of
composite carbon electrodes into high-end electrochemical
systems.
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B MATERIALS AND METHODS

Reagents. Poly(methyl methacrylate) (PMMA) was Optix from
Plaskolite, and was used as the TPE binder and the template material.
Carbon sources were synthetic graphite powder (7—11 pm, 99%. Alfa
Aesar), acetylene carbon black (100% compressed, STREM
Chemicals), synthetic graphite powder (<20 um, Sigma-Aldrich),
and carbon nanopowder (<500 nm, 99.95% trace metal basis, Sigma-
Aldrich). Chemicals were potassium ferricyanide (99%, Sigma-
Aldrich), potassium phosphate monobasic (99.8%, Sigma-Aldrich),
potassium phosphate dibasic (98%, EMD Chemicals), potassium
chloride (99—100.5%, Sigma-Aldrich), hexaammineruthenium (IIT)
chloride (Sigma-Aldrich), ascorbic acid (99%, Sigma-Aldrich),
dopamine hydrochloride (Sigma-Aldrich), iron(III) nitrate nona-
hydrate (Fisher), and 1,2-dichloroethane (Fisher).

Conductivity Measurements. Through-plane resistivity (inverse
of conductivity) was measured by a two-point probe (Fluke 187
multimeter, accuracy of 0.01 Q) placed on opposing faces of a TPE
cylinder, with typical cylinder dimensions on the order of ~3 mm thick
and a diameter of 2—5 mm. Further details on measuring conductivity
can be found in the Supporting Information (SI).

Electrochemical Measurements and Surface Treatment.
Electrochemistry was performed with a CHI 660 potentiostat, using
a saturated calomel electrode (SCE) reference saturated with KCI. The
counter electrode was a 1:3 PMMA:carbon TPE plate made using 20
pum particles with an area that exceeded that of the working electrode
by at least 10-fold. Potassium ferricyanide solutions were 10 mM, using
a 0.5 M KCl solution. Impedance measurements were done at the E'/>
of the ferricyanide redox couple taken from cyclic voltammetry at 100
mV s7'; the perturbation voltage was 10 mV, with a frequency range
from 100000 to 0.1 Hz. Dopamine, ascorbic acid, and iron nitrate
solutions were made in 0.1 M phosphate buffer at pH 7.4.
Hexaammineruthenium(III) chloride experiments were at 1 mM in a
0.5 M KClI solution. The platinum electrode had a diameter of 1.8 mm,
TPE electrodes were S mm in diameter, glassy carbon was 3 mm in
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diameter, and the DropSens electrode was 4 mm in diameter. The
surface treatments were plasma exposure (after sanding) for 3 min at
35 W in ambient air, wet sanding (firm pressure) with 600 grit paper,
and wet polishing with a micro-fiber pad with 0.05 ym alumina for ~1
min with firm pressure.

Capacitance Measurements. The capacitance was measured
with cyclic voltammetry using the current response at 0.2 V vs SCE,
with a totaled sampled region of —0.1 to 0.5 V vs SCE, and a scan rate
of 100 mV s~*. Example voltammograms can be found in Figure S4.
Averaged capacitance from cyclic voltammetry was calculated using eq

)

C — (IIanodicl + |Icafhodic|)

v)A (1)

where C,,., is the geometric area-normalized capacitance, V is the scan
rate (Vs71), Liogic + Leathodic is the width of the cyclic voltammogram at
0.2 V vs SCE, and A is the area of the electrode.””

Spectroscopy. A JEOL JSM-6500F field emission scanning
electron microscope was used at a 1S5 keV accelerating voltage to
capture images. Raman spectroscopy was performed on an Olympus
IX-73 optical microscope with an Ondax THz-Raman laser source (S
mW, 532 nm laser with a 1.2 um spot size). The Raman signal was
collected in a backscattering geometry, passed through a Horiba iHR-
550 imaging spectrometer, and detected on a Synapse back-
illuminated deep depletion charge-coupled device (CCD). Individual
spectra were acquired for 60 s across a 1 mm X 1 mm sample area.
The crystallite domain size was calculated using eq 2,

-1
1
L, (nm) = (24 x 10‘10),114(1—[’)
G

)

where L, is the domain size in nm, /; is the wavelength of the laser, and
(In/Ig) is the ratio of the peak intensity of the D and G bands.

B RESULTS AND DISCUSSION

Fabrication, Templating, and Patterning of Thermo-
plastic Electrodes (TPEs). To address the key problem of
ease of fabrication and templating, we report a simple and low-
cost solvent-assisted fabrication method as an alternative to air-
free in situ synthetic conditions commonly used with PMMA.'®
Templating TPEs to make complex electrode geometries is
straightforward, as illustrated in Figure 1A. Applying pressure
(~S0 psi) to the TPE while drying was found to be crucial to
achieve a defect-free and uniform electrode material. The gum-
like consistency of the partially dried TPE material allowed for
easy fabrication of electrodes with micrometer-scale dimen-
sions. The ~150 um spot size of the CO, laser used to cut the
templates defined the lower size limit of attainable features
within the PMMA templates. Figure 1B shows a 150 ym band
electrode array, as well as an individually addressable disk
electrode array containing 150 um electrodes. Either electrode
array would be challenging to fabricate with traditional carbon
materials but can be readily fabricated with the solvent-assisted
TPE system. For patterning based on cutting methods, 1—2
mm thick TPE sheets were made by pouring the mixture into a
small mold. Once fully dried, the TPE sheets were cut to create
electrodes with complex geometric shapes (Figure 1C). The
CO, laser TPE cutouts, when heated above the T, (~121 °C
from Plaskolite) with applied pressure (~50 psi), were readily
moldable into premade PMMA templates.

Despite the high graphite mass loading in the TPE, it was
envisioned that embossing could be used to create intricate
patterns with the TPE material. Figure 1D shows structures
embossed directly into the TPE, including microfluidic
channels and a pillar microarray. Structures like the pillar

array are particularly attractive for applications where high
electrode surface areas are needed.”®*” At low carbon content
for all particle sizes, the TPE retains PMMA-like character and
is easily embossed, while at a higher carbon content, the TPE
cannot be shaped into micrometer-sized features due to the
reduced PMMA binder content. We found a rough upper limit
for carbon content to generate well-resolved embossed features
to be 1:2 (PMMA:carbon) for the 11 and 20 ym particles, and
1:0.6 for <500 nm particles. The <500 nm particles were the
most versatile for embossing intricate features, perhaps owing
to the small particle size which potentially allowed for facile
rearrangement of the carbon polymer matrix. The difference in
quality of embossed features can be seen in Figure 1D1 and D2,
where the 1:2, 11 ym TPE has rounded edges but the <500 nm
TPE has nearly perfect edges. It should be noted that the
embossing parameters were not optimized, and this initial
embossing work represents a starting point for more in-depth
studies.

Conductivity Measurements. High electrode conductivity
is critical to minimize ohmic drop and improve electrochemical
performance. Figure 2 shows a comparison of conductivity as a
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Figure 2. Conductivity as a function of various ratios of PMMA:
carbon with differing particle type and size (n = 3). The 20 ym, 11 ym,
and <500 nm particles were graphitized carbon, and the 50 nm
particles were acetylene carbon black.

function of electrode composition. As expected, conductivity
increased with increasing carbon content. The conductivity of
the <500 nm TPEs did not reach saturation and was limited by
physical electrode integrity. The trend was also observed for the
carbon black particles (50 nm). The conductivity of the 11 ym
TPEs increased initially but then decreased at higher loadings.
The decrease may be due to particle agglomeration at higher
mass loadings, which could limit the number of conductive
pathways. A similar conductivity trend was previously observed
for a carbon nanotube/graphite/epoxy composite.”’ Similar to
the 11 pm particles, the conductivity of the 20 pum TPE
increases until reaching a saturation point at a 1:3 PMMA:
carbon ratio. The conductivities in Figure 2 are consistent with
the literature on carbon composites with similar carbon mass
loadings, while the values of the 11 ym TPEs are considered
high**>* A recent report on a graphene screen-printed
electrode proposed an “extremely high” conductivity of 11.2
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S m™.® By comparison, the best-performing 11 ym TPE

reported herein exhibited an average conductivity of nearly 700
Sm™.

The high conductivity of TPEs arises most likely from
increased numbers of low-resistance particle-to-particle con-
tacts.”> The contact resistance (quality of contact) between
particles, as well as the number of contact points, determines
the conductivity of composite materials. In the proposed TPE
system, the contact quality and number of contacts will
invariably be affected by the particle size, processing technique
(pressure), particle shape, and polymer—particle wettabil-
ity.”* ™% Therefore, given the complexity of the TPE system,
the relationship between electrode composition and the exact
mechanism that governs a low or a high conductivity is not
completely clear. It is clear, however, that the particle source
has a profound effect on the resulting conductivity.

Besides providing conductivity information, the data in
Figure 2 can also be used to define upper and lower PMMA:
carbon mass loading thresholds that allow for a usable
electrode. Here, the low carbon mass loading range is defined
by a conductivity of 10 S m™'; below this threshold, significant
contributions to ohmic drop are observed in an electrochemical
cel. The upper limit of mass loading is defined by the
mechanical instability of the electrode caused by lack of binder.
Figure 2 is also useful for defining the minimum carbon loading
required to achieve the maximum electrode conductivity.
Higher binder content typically yields electrodes that are
more robust and easier to emboss, which have a lower
capacitance. Constructing plots like Figure 2 is then quite
valuable when optimizing TPE composition for a given
application

Electrochemical Characterization of TPEs. Initially, the
capacitance of various TPE compositions was quantified, as it is
a major contributor to background signal that negatively affects
the sensitivity and detection limits in sensing measurements.
Cyclic voltammetry and electrochemical impedance spectros-
copy (EIS) were used with a variety of redox probes to inform
on the electrocatalytic activity of the electrodes. Redox probes
were chosen to understand the impact of surface treatment
(polishing, sanding with 600 grit paper, and plasma exposure)
on the electrochemical properties of the TPEs. As proposed by
McCreery (Figure S2), species such ferricyanide, ascorbic acid,
dopamine, and Fe**/Fe** have electrochemical responses which
are heavily dependent on the chemistry of the electrode surface
(Figure $2).**=* The 11 um particles in a PMMA:carbon ratio
of 1:2 are highlighted in the main text due to their favorable
embossing characteristics, high conductivity, electrochemical
stability, and lower capacitance. Similar data for TPEs fabricated
with 1:3, 20 ym and 1:0.55, <500 nm particles can be found in
the SL

Capacitance. Electric double layer (EDL) values of TPEs
were calculated from cyclic voltammetry (Figure S4) in 0.5 M
KCl. Capacitance increases with carbon content for all
electrodes and was higher than for common planar electrodes
(Figure 3). Typical capacitance values for planar metal
(platinum, gold) electrodes are 20 uF cm™ for glassy carbon
electrodes are 24—36 pF cm™, and for basal and edge plane
graphitic carbon electrodes are <2 and ~60 uF cm™2
respectively." The 2—20 times increased capacitance for many
of the 11 and 20 ym TPEs above planar edge or basal graphite
points toward an electrode with some surface roughness,
especially in the higher carbon-to-PMMA ratios. The depend-
ence of capacitance on graphite content is highlighted with the
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Figure 3. Geometric area normalized capacitance as a function of
PMMA:carbon mass loading and particle size with sanded electrode
surfaces. For clarity; a break was placed in the Y-axis, causing truncated
error bars for the 20 ym data. Error bars are calculated from a single
capacitance measurement from three separate electrodes.

1:5 PMMA:carbon TPE using 20 pm particles, where a break in
the axis is needed to clearly present all the data. The <500 nm
TPE had capacitance of 35 + 15 uF cm™2, which is more
consistent with a planar carbon electrode, and similar to the
average capacitance of 37 uF cm™ of the tested DropSens
commercial screen-printed carbon electrodes. Lastly, Figure 3
shows data for the sanded treatment. In general, it was found
that the surface treatments did not significantly affect the
capacitance (Figure S4); however, the untreated electrodes had
a lower capacitance (~8 uF cm™), most likely from plastic
binder coating some graphite particles. The surface deactivation
of the untreated electrode is consistent with data presented in
the following sections.

Comparison to Commercial Electrodes. A comparative
study of TPEs to commercially available carbon and Pt
electrodes was performed using cyclic voltammetry and EIS
(Figure 4). Ferricyanide was used because it is surface sensitive
and a popular molecule for initial electrode characterization.
DropSens CPE have been reported to have a more favorable
electroactivity compared with other commercially available
composite electrodes and make for a suitable comparison to
TPEs.*” The cyclic voltammograms show peak separations of
140, 90, 400, and 110 mV for glassy carbon, Pt, screen-printed
carbon, and TPE electrodes, respectively. The 10 mM
concentration and 500 mV s~ scan rate induce high current
densities, which can be difficult for an electrode to meet.
However, using these conditions the TPE had a peak current of
500 uA cm?, close to the ideal peak current density (510 uA
cm™2) as calculated from the Randles—Sevcik equation (SI, eq
S3), and the highest of all electrodes tested. It is noteworthy
that the peak separation with the TPE is more like glassy
carbon and platinum, most likely from the intrinsic high
conductivity. Peak separation is often used for extracting kinetic
information, however, in this instance cell resistance/ohmic
drop cannot be ruled out as a contributing factor to peak
separation. Therefore, EIS was used to gain insight into
electrode kinetics as it can decouple cell resistance/ohmic drop
from charge transfer resistance.

In Figure 4B the TPEs with surface treatments are compared
with screen-printed carbon, Pt, and GC electrodes. The spectra
are shown in decreasing charge transfer resistance (diameter of
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Figure 4. (A) Cyclic voltammetry of a 1:2, 11 um sanded TPE, Pt,
GC, and DropSens electrodes with potassium ferricyanide redox
couple (10 mM), scan rate was 500 mV s™. (B) Impedance spectra
(Nyquist plot) taken directly after the cyclic voltammograms. Note,
the spectra are manually shifted on the x-axis for clarity.

semicircle) with the spectra manually shifted on the x-axis for
clarity. The impedance spectra for the sanded and plasma
treated TPEs have no discernible charge transfer resistance.
Under these conditions, TPEs appear to be kinetically similar to
Pt as well as seemingly outperforming glassy carbon and screen-
printed carbon. Attempts were made to sand and plasma treat
the screen-printed carbon electrode similar to the TPE
treatments, but in both cases electrode performance did not
improve (data not shown). Interestingly, polishing the TPE had
a detrimental effect on its charge transfer resistance, seen as a
larger partial semicircle in the Nyquist plot. The SEM images in
the following section show that graphite particles are
significantly rearranged with polishing and may give a clue
into the origin of the higher charge transfer resistance.
Finally, the stability of the TPEs was tested over the course
of 3 days with ferricyanide using the simplest surface treatment
(sanded). The electrodes were tested, rinsed with Millipore
water, then left in ambient air. The cyclic voltammograms in
Figure S3 show a 14% and 1% loss of peak current after the first
day, which is unchanged on day 3, for the 11 and 20 ym TPEs,
respectively. Through cycling and aging both the 11 and 20 ym
particles saw nearly a 10 mV increase in peak separation. In
contrast, the <500 nm TPE saw a 30% and 50% decrease in
peak current after the first and second days, with nearly a 200
mV increase in peak separation after 3 days of aging. It seems
likely that the freshly sanded/cleaved surface of the TPE is
picking up contamination slowly from the ambient conditions,

and the mechanism is heavily dependent on the particles used
in the TPE. Similar fouling was seen on freashly cleaved HOPG
under ultra pure conditions."’

Surface-Insensitive Probe. Ru(NH,)s>*/** was used to
establish Nerstian voltammetric responses from the TPE and
to gauge the non-surface-reliant activity of the electrode (Figure
SA). Ru(NH,),2*/** is well known to be insensitive to the
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Figure S. Cyclic voltammograms of a 1:2, 11 ym TPE with
Ru(NH;)¢**/*, 1 mM ascorbic acid (AA), 1 mM dopamine (DA) in
0.1 M phosphate buffer at pH 7.4. The electrolyte for Ru(NH,)¢*/**
was 0.5 M KCI. Dashed lines represent cyclic voltammograms after the
electrode has been cycled in the respective solution for 25 cycles.

electronic and/or chemical structure of the electrode surface
and has been used to calculate electrochemically active surface
area.”* It was observed that untreated TPEs, for three separate
electrodes, gave a lower current density (140 + SO pA cm™2)
than theoretically predicted (240 A cm™?), suggesting surface
deactivation. Interestingly, the untreated electrode appears to
display microelectrode behavior, evident from the quasi
sigmoidal shape of the voltammogram, most likely arising
from “active islands” of graphite. Microelectrode behavior is a
well-known characteristic of some composite electrodes.”
When TPEs are sanded, polished, or plasma treated, the
electrochemical activity is substantially higher. At a 100 mV s™'
scan rate, peak separation for the TPEs are close to Nerstian at
61 + 2 mV (three separate electrodes). Since the peak currents
are close to theoretically predicted, massive amounts of nano-
or microscopic porosity are not expected with the chosen TPE
composition. Sponge like porosity can cause an increase in peak
current in a cyclic voltammogram from thin layer effects within
the porous electrode material, which can be problematic with
electrochemical characterization of small carbon particles like
carbon nanotubes, graphene, and, potentially, composite
electrodes.*™*” Importantly, while the 1:2, 11 gm TPE does
have increased surface roughness shown from capacitance
measurements, it does not appear that the electrode has
excessive sponge-like porosity with all surface treatments.
Oxide-Sensitive Probe. The Fe**/>* redox couple is known
to be highly sensitive to surface carbon oxides.”” The cyclic
voltammograms in Figure SB show a drastic difference in peak
separation with the various surface treatments. After plasma
exposure, the TPEs exhibit well-defined reversible peaks,
implying the addition of quinone functionality. The peak
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separation for a plasma treated surface is 150 mV, which is
comparable to an electrochemically heavily oxidized highly
oriented pyrolytic graphite (HOPG) electrode.”" Sanded and
polished surfaces have peak separations nearing 400 mV, more
akin with GC electrodes polished under ambient conditions.
Plasma generation of oxides on graphite is well known and is
most likely the cause of the peak separation decrease.”® Oxygen
groups generated from milling or sheering in the fabrication of
the micrometer-sized carbon particles could explain the partial
activity of the sanded and polished electrodes toward Fe**/3*.*
It can thus be concluded that the graphite most likely contains
quinone functionalities with all surface treatments, with plasma
treatment yielding the highest population of oxygen moieties
on the carbon surface.

Surface-Sensitive Probe. The oxidation of ascorbic acid
(AA) is an irreversible two electron, two proton process, that is
highly surface sensitive.”” The electrochemical oxidation of AA
can be problematic and numerous electrode modifications have
been proposed to enhance electrode kinetics.”">* The
voltammetry of AA at TPEs (Figure SC) appeared to have
no pre-concentration effects, in agreement with predicted
responses (Figure S2), and aligned relatively well with
predicted peak currents. Calculation of theoretical peak current
(343 uA cm™?) requires a different equation than the previously
used Randles—Sevcik equation as detailed in the SI (eq S2).
The polished electrode gave a lower peak current and a ~400
mV positive shift in the peak potential, demonstrating the
extreme surface sensitivity of AA oxidation. The average onset
potential of a sanded single TPE (repeated six times) was
—0.032 £ 0.008 V vs SCE, which is similar to or better than
that of electrodes composed of carbon nanotubes or
graphene,””** and lower than edge plane HOPG (0.2 V vs
SCE).*>*® With the sanded TPE, the peak does not shift to
higher potentials with repetitive cycling, although the peak
current decreases by 26% after 25 cycles. The peak current for
the plasma-treated TPE had excellent stability and remained
essentially constant through repetitive cycling. One explanation
for the stability may be from the introduction of additional
oxygen moieties on the plasma-treated TPE, which have been
shown to give an enhanced and stable electrochemical response
for AA, DA, and uric acid.”’ Figure S5 contains cyclic
voltammograms for TPEs with 20 ym and the <500 nm
particles with AA. The TPEs with 20 um particles had
voltammetry similar to that of the 11 ym particle TPE, while
the <500 nm particles-based TPE typically had lower peak
currents and increased overpotentials with sanding and
polishing conditions. Lastly, the reproducibility of the 11 ym
TPE was examined with AA; representative data are shown in
Figure S6. For two separate TPEs, repeatedly sanded (n = 6),
peak current RSDs of 5.1% and 8.0% were observed. The RSD
of peak current across 8 individual electrodes was 15.4%. In
addition, the oxidative peak location was quite sensitive to
sanding with an average across all eight electrodes of —0.023 +
0.016 V vs SCE.

Surface Adsorption Dependence. The electrochemistry of
dopamine is known to vary on different types of graphitic
surfaces. For example with HOPG, there are accounts of low
activity on the basal plane compared to edge plane sites.”® It is
also known that the cleanliness of the surface and preparation
of basal plane HOPG greatly affects the voltammetry of
dopamine.”® Figure 5D shows the peak locations are in general
agreement for clean graphitic surfaces, with the oxidative peak
current occurring at 0.147 + 0.007 V vs SCE (eight separate

electrodes/sanded treatment).”” It was found that the peak
currents with TPEs and dopamine do not follow the Randls—
Sevick equation for a two-electron oxidation (490 uA cm™2).
The observed current was closer to a four electron process,
arising most likely from dopamine pre-concentration (adsorp-
tion) on the surface as seen for other composites.”’ Similar
trends were observed for 20 ym and <500 nm TPEs (Figure
SS). Dopamine fouling (at 1 mM) is reportedly different for
edge plane and basal plane graphite. For HOPG, the oxidation
peak potential shifts only slightly with edge plane fouling, while
the peak current is reduced to roughly 50%, before becoming
relatively stable.”” With TPEs, the fouling appears to be edge-
plane dominated for sanded and plasma-treated electrodes.
Remarkably, the peak current and peak location for plasma
treated electrodes at 1 mM remains stable with cycling. Similar
to the cycling stability of AA, the enhanced stability toward DA
may be related to an increase in oxygen functionalities.””

The reproducibility of the 11 um electrodes was tested with
the same conditions as in Figure 5 using DA. For three
individual TPEs, which were each repetitively sanded (n = 6) to
expose a fresh surface, the RSDs for oxidative peak current were
6.0%, 4.7%, and 11.7%, for an average of 7.5%. The RSD for
oxidative peak current across eight different individual TPEs
was 11.8%, implying that reproducibly is dominated by the
surface treatment. The oxidative peak location had an RSD of
4.5% for the eight individual TPEs, and an average RSD of 1.7%
for three individual electrodes repetitively sanded. Unlike AA
the reproducibility of DA in terms of peak location seems more
favorable across different electrodes with a standard deviation
of 0.007 vs 0.016 V for DA and AA, respectively. Overall,
considering the highly surface sensitive nature of DA and AA,
the general reproducibility of TPEs is promising.

TPE Surface Treatment and Characterization. SEM
Characterization of TPEs. The electrochemistry of TPEs is
profoundly affected by surface treatment. SEM and Raman
spectroscopy were used to gain insight into structural or
chemical changes following the surface treatments. The SEM
images in Figure 6 show a significant difference in the TPE
surface as a function of treatment method. First, the untreated
surfaces (top left) appear to be coated with a polymer film. The
lack of charging implies that the polymer film is thin, given that

Untreated

Figure 6. SEM images at S000X of a 1:2, 11 ym TPE subjected to the
various surface treatments. The insets are at S0000X magnification of
the surface.
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electrons can efficiently migrate to conductive networks in the
TPE during imaging. Second, relative to the untreated
electrode, the sanded electrode (top right) has large jagged
domains of exposed graphite. The sanded surface is highly
complex and undoubtedly contains a myriad of unique carbon
chemical environments, including edge planes, ideal for
facilitating electrochemical charge transfer. Third, the polished
TPE (bottom left) has a drastically altered surface containing
clumps or islands where individual graphite sheets are almost
unobservable, which may explain the significantly diminished
electrochemical response. Finally, the plasma treated electrode
(bottom right) is seemingly devoid of polymer binder on the
surface, and the removal of binder has exposed thin
(semitransparent) sheets of graphite (inset). One hypothesis
as to the origin of the thin graphite sheets is that sheer force
from sanding is exfoliating the graphite. Excess PMMA is then
removed from the exfoliated graphite via the plasma treatment,
which ultimately creates graphene-like regions on the TPE
surface. Sheer force has been reported to produce high quality
graphene in large quantities.”’ Additionally, the plasma-treated
and sanded 11 pm electrodes are strikingly similar to a
graphene film mechanically pressed onto a plastic substrate.”
TPEs made with the 20 ym particles had morphologies similar
to the 11 um particles for the respective surface treatments
(Figure S7). The <500 nm TPE was void of the appearance of
graphitic sheets and had small, uniform ~100 nm features, as
well as having much less morphological diversity than the 11
um electrodes as a function of electrode treatment (Figure S8).

Raman Characterization of TPE. Finally, the TPEs were
characterized with Raman spectroscopy to observe chemical
changes which could impact electrochemical performance
(Figures 7 and S9). The spectra in Figure 7 represent the
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Figure 7. Raman spectra of a 1:2, 11 um TPE subjected to various
surface treatments. Graphite crystallite domain sizes are listed above
each spectrum and calculated from eq 2 taken from the data in Table
SI.

average of 49 individual spectra. For all treatments, peaks
associated with polycrystalline sp* carbon are clearly present
(Lorentzian peak fitting results are shown in Table $1).%%
Although mechanical exfoliation of the graphite via sanding or
polishing might shift the G’ peak position toward lower
wavenumber from thinning the graphite sheets, no significant
peak shifting between different surface treatments was seen.”
Additionally, changes in the number of sp*® defects from
treatments would increase the width of the D and G peaks,

which was also not observed.”> Considering mechanical
abrasion, plasma treatment, and sheer are known to introduce
defects and drastically change graphite composition, it seems
unlikely that these processes are not happening in some
amount at the TPE surface."® The lack of changes seen in
the spectra are perhaps from the Raman laser probing
subsurface within the TPE, rather than Raman scattering
from the outermost electrode surface. The similarities between
the untreated sample and other treatments seems to support
this hypothesis. It is also possible that graphite particles are not
changing in a sufficiently large enough quantity as to largely
affect the Raman signal. A combination of these two points is
also quite logical.

The Lorentzian peak fitting of the spectra can be used to
elucidate small changes. The D/G peak intensity ratio can be
used to gauge the amount of disorder in a graphite sample.””
Related to the amount of disorder is the crystallite domain, and
a general equation based on the D/G ratio can be used to
estimate the crystallite domain size (eq 2 in the Materials and
Methods).”” The calculated domain sizes are listed in Figure 7
above the spectra and indicate there is a slightly larger
crystallite domain in the untreated and sanded samples, with
polishing having the smallest crystallite domain. A similar trend
was seen with the 20 ym particles-based TPE (Figure S9). The
<500 nm TPE had essentially no crystallite domain size
changes among surface treatments. The smaller domain size,
seen with the 11 and 20 pm particles is reasonable since plasma
treatment and polishing are secondary, coming after an initial
sanding step. The values in Figure 7 imply that the changes in
crystallite domain size are small, but give evidence toward
polishing and plasma treatment chemically altering the carbon
particles or removing larger particles. The plasma-treated TPE
had the largest standard deviation associated with the crystallite
domain (21 nm), as well as the largest relative standard
deviation (28%). The larger standard deviation would suggest a
more heterogeneous surface, qualitatively consistent with the
SEM images. Finally, while it is clear that the surface treatments
can induce some effect upon the carbon at the TPE surface, at
this time, relating these differences to changes in the
electrochemistry is not straightforward.

H CONCLUSION

The work presented highlights the fabrication of solvent
processed thermoplastic electrodes and their resulting electro-
chemical, physical and Raman characterization. The unique
processing method enabled an electrode material which
demonstrates both easy fabrication, high conductivity, and
excellent electrochemistry. Through judicious selection of the
particle type, particle-to-binder ratio, and surface treatment, the
electrochemical and physical properties can be varied greatly.
The electrode material also adds the ability to create
micrometer-sized features using an array of common fabrication
methods, including embossing. Of significant importance is that
these new low-cost graphite electrodes can realize high
electrochemical activity when properly activated, similar to
that of more exotic carbons like carbon nanotubes, graphene, or
HOPG.
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