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Abstract

The electrochemical pretreatment of diamond microelectrodes was investigated for the purpose of
learning how an anodic, cathodic or a combined anodic + cathodic polarization affects the charge-
transfer kinetics for two surface-sensitive redox systems: ferri/ferrocyanide and serotonin (5-
hydroxytryptamine, 5-HT). The pretreatments were performed in 0.5 mol L™1 H,SO,. The anodic
pretreatment was performed galvanically for 30 s at 250 mA cm~2. The 10 cathodic pretreatment
was performed for 180 s at —250 mA cm~2. The combined pretreatment involved application of
the anodic step first followed by the cathodic step. The results clearly demonstrate that the best
performance for both redox systems is obtained after the cathodic polarization, which presumably
activates the electrode by cleaning the surface and removing site-blocking surface carbon-oxygen
functionalities. The cathodic pretreatment was found to be effective at activating a fouled
microelectrode in situ. This observation has important implication for the measurement of 5-HT in
the bowel.

1. Introduction

The development of surface pretreatments to create electrochemically-active (i.e., rapid
electron-transfer 20 kinetics) and reproducibility-performing carbon electrodes has been the
goal of many researchers over several decades (1). Generally for sp2 carbon electrodes, the
pretreatment begins with a polishing step. This is often followed up with one of several
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activation steps including chemical (2), electrochemical (3-5), thermal (6), or radio
frequency plasma (7) treatment. The resulting electrode activation has been attributed to (i)
surface cleaning/removal of contaminants, (ii) increased in the coverage of surface carbon-
oxygen functional groups that can act as redox mediators, (iii) increased electrode area due
to surface roughening and/or (iv) exposure of clean edge plane or generation of new sites
that support rapid rates of electron transfer. The extent to which a pretreatment activates an
sp2 carbon electrode depends on the mechanism of the redox system being used to probe the
electrode response (8-10).

Boron-doped diamond electrodes have emerged over the past 15+ years as a viable new
carbon electrode for electroanalysis (11-13). While doped single crystal electrodes are now
available, nearly all of the work thus far has utilized microcrystalline (14), nanocrystalline
(15) and ultrananocrystalline (16) thin films. Generally in electroanalytical measurements,
diamond offers significant improvements in linear dynamic range, limit of detection,
response reproducibility and response stability as compared to sp2 carbon electrodes. A
major benefit of diamond is that it exhibits a high level of electrochemical activity for some
redox systems without the normal time-consuming pretreatment. In fact over the years, we
have routinely used these electrodes without any pretreatment, or at most, a 20-min soak in
ultraclean isopropanol (17). In cases where response loss is observed, diamond electrodes
can often be reactivated by isopropanol cleaning or by hydrogen plasma treatment. The
latter pretreatment (i) cleans the surface, (ii) replaces the surface oxygen termination (e.g.,
C-OH, C=0 and C-O-C functionalities) with a hydrogen termination and (iii) adds
subsurface hydrogen that increases the surface conductivity through an elevation in the
carrier concentration (18,19). Given the fact that a microwave reactor for the hydrogen
plasma treatment is not available to most users, work is needed to identify appropriate
pretreatment methods that function to reactivate diamond electrodes and are convenient to

apply.

To this end, several groups have investigated the effects of electrochemical pretreatment on
the response of diamond electrodes. An electrochemical pretreatment can be either
potentiostatic or galvanostatic in nature. Pioneering work was performed by the Rocha-Filho
and Avaca groups who reported that an initial anodic polarization at +3.0 V vs. Ag/AgCl in
0.5 mol L1 H,S0, + 0.5 mol L1 Na,SO, (30 min) followed by a cathodic polarization at
-3.0 V for an analogous time activated diamond electrodes for two surface-sensitive redox
systems: ferri/ferrocyanide and pentachlorophenol (20).

Sluggish kinetics was observed for both redox systems after just the anodic pretreatment.
However after the cathodic pretreatment, the AEp for ferri/ferrocyanide was significantly
reduced and the Epox for pentachlorophenol was shifted to less positive potentials. In
contrast, either pretreatment had little effect on the response for the surface-insensitive
ferrocene. This result suggests the electrochemical pretreatments do not significantly alter
the electronic properties of a more heavily boron-doped electrode. XPS results confirmed
the cathodic pretreatment removed surface carbon-oxygen functionalities and presumably
introduced surface hydrogen (21).
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In other relevant work, Mahé et al. reported that alternating current pulses of 250 mA cm™2
in 1 mol L™1 HNO3 can be used to activate diamond electrodes (22). Olivera et al.
investigated the effects of anodic (+3.0 V) and cathodic (—3.0 V) potentiostatic polarization
on the response of boron-doped diamond electrodes for ferri/ferrocyanide (23). They
specifically investgated the influence of the supporting electrolyte and pH. Their results
demonstrated that cathodic rather than anodic pretreatment provided a more active response.
Kiran et al. recently reported that applying a train current pulses (+10 mA cm™2) of 100
msec duration in 0.5 mol L1 LiClO, activated boron-doped diamond films as evidenced by
an increased heterogeneous electron-transfer rate constant, ko, for ferri/ferrocyanide (24).
They also showed that the pretreatment enhanced the electrode response of a deactivated
diamond electrode in urine. Cyclic voltammograms were presented for the irreversible
oxidation of an unidentified species in urine, presumably uric acid, showing how the
activation increased the oxidation current and shifted Epox to less positive potentials.
Activation was also accomplished by pretreating the electrode directly in the biological
medium.

In this paper, we report on how anodic and cathodic galvanostatic pretreatment affects the
response of diamond microelectrodes toward two surface-sensitive redox systems: ferri/
ferrocyanide and serotonin (5-HT). We have previously demonstrated that diamond
microelectrodes provide stable and reproducible measurements of norepinephrine release
from sympathetic nerves supplying blood vessels (25) and 5-HT release from
enterochromaffin cells lining the mucosa of the small and large intestine in vitro (26).
Generally, these microelectrodes can be used for these measurements from days to weeks
with little response loss. However, from time-to-time, the microelectrodes can become
deactivated in the 5-HT environment and the response cannot be regained with an
isopropanol soak. Furthermore, insulated microelectrodes cannot be reactivated by the
hydrogen plasma treatment. 5-HT may be the most notorious fouler of carbon electrodes.
Wrona and Dryhurst have studied the 5-HT oxidation reaction mechanism on carbon paste
electrodes (27). 5-HT is initially oxidized in a reversible one-electron reaction to form a
radical cation (5-HT+¢). In a rate determining step, the radical cation deprotonates to yield a
5-HT radical (5-HTe*). These radicals can then react to form dimers and trimers that strongly
adsorb on the electrode. The results presented herein clearly demonstrate that the cathodic,
rather than the anodic, pretreatment effectively activates diamond microelectrodes for both
redox systems.

2.1 Diamond deposition on Pt wires

The boron-doped diamond coating was deposited on a sharpened (76 um diameter) Pt wire
using microwave-assisted chemical vapor deposition (CVD). We use Pt as the substrate
because it gives a very distinctive electrochemical signature if the diamond film is
discontinuous or defective (28). The Pt wire (99.99%, Sigma-Aldrich Chemical) was cut
(1.3 cm) and both ends of the wire were electrochemically sharpened in 1 mol L™ KOH.
The Pt wire was then ultrasonically cleaned in acetone for 20 min and then ultrasonically
seeded for 30 min in a diamond powder suspension (3—6 nm diamond particles suspended in
DMSO, 0.5 w/v% “Opal Seed”, ITC, Raleigh, NC). This served to enhance the initial
nucleation of diamond growth on the surface. The wire was then rinsed with ultrapure water
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before being place in the CVD reactor, mounted horizontally, for pump down. Three wires
were coated during a deposition run. A thin film of boron-doped diamond was deposited on
the wire using a commercial reactor (1.5 kW, 2.54 GHz, Seki Diamond, San Jose, CA). At
the beginning of the deposition, an amorphous carbon pre-growth layer was deposited from
a 3% CHy/H, source gas ratio (CH,4 = 6.00 sccm, BoHg = 2.00 sccm, Hy = 196 scem) for 20
min at 600 90 W and 35 torr. This carbon layer further enhances the nucleation of diamond
on the surface (29,30). At the end of this period, the CH,4 flow was adjusted to give a 1%
CHy/H> ratio that was used for primary diamond growth (CH,4 = 2.00 sccm, BoHg = 2.00
scem, Hy = 196 scem). The microwave power was 600 W and the system pressure was 35
torr. Growth times ranged from 5 to 8 h. The boron-doping level was estimated to be ~1021
cm~3 based on studies of planar films grown under similar conditions. At the end of the
growth, the CH, and BoHg flows were stopped and the diamond-coated wires remained
exposed to a Hp plasma. The samples were then slowly cooled in the presence of atomic
hydrogen by reducing the power and pressure over a 30-min period. The estimated substrate
temperature (optical pyrometer) at the end of the period was ~400 °C or less. This step is
critical for maintaining a hydrogen surface termination and keeping the near-surface carbon
atoms in an sp3 bonding configuration.

2.2 Preparation of the diamond microelectrode

A diamond-coated Pt wire was cut in the middle to produce two electrodes. The cut end was
affixed to a copper wire using conducting silver epoxy and super glue and then insulated
with polypropylene from a heated pipette tip (28). The resulting microelectrode was a
conically shaped with a tip diameter of about 10 um and a cylinder diameter of about 80 pum.
The exposed cone length was 300 - 700 pum.

2.3 Anodic and cathodic pretreatment

Pretreatments were performed in 0.5 mol L™1 H,SO,. The anodic pretreatment was
performed galvanically for 30 s at 250 mA cm=2. The cathodic pretreatment was performed
for 180 s at —250 mA cm~2. The combined pretreatment involved application of the anodic
step first followed by the cathodic step. Every conically-shaped electrode has a slightly
different exposed length so the exposed area was somewhat variable from electrode to
electrode. To calculate the current density for pretreatment, we assumed a constant area of
0.0048 cm?.

2.4 Electrochemical measurements

Cyclic voltammetry was performed using a commercial potentiostat/galvanostat (Model
660D, CH Instruments, Austin, TX). The measurements were made in a single-
compartment, glass cell with a diamond working electrode, a Pt wire counter electrode and a
Ag/AgCI (3 mol L™1 KCI) electrode as the reference. Before each measurement, the solution
was degassed for 10 min with N,. The KCI, potassium ferricyanide and serotonin were
supplied by Sigma-Aldrich. The ultrapure water was purified using a Barnstead E-Pure
system (> 17 Mohm™™), The protocol for the in vitro bowel measurements had been
detailed elsewhere (26,31).
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Figure 1 shows background cyclic voltammograms in 0.1 30 mol L™1 KClI after the different
pretreatments. In terms of the background current, capacitance and the onset potential for
chlorine evolution, the anodic, cathode or combined potential for oxygen reduction to the
least negative value. In contrast, the anodic pretreatment shifted the onset potential to the
most negative value. The anodic pretreatment would appear to introduce surface oxygen
functionalities that act as a partially blocking layer to inhibit oxygen reduction. The fact that
the background current is not significantly different after any of the pretreatments indicates
that the diamond coating is not roughened to increase the surface area, nor is the film
delaminated to expose Pt.

The effects of pretreatment on the response for surface-sensitive redox systems (5-HT and
ferri/ferrocyanide) are shown in Figure 2. Figure 2A shows cyclic voltammograms for 10
pmol L-"1 5-HT in 0.1 mol L™1 KCI after anodic, cathodic and combined anodic and
cathodic pretreatment. It can be see that the cathodic only or the combined anodic and
cathodic pretreatment produced equivalent results in terms of Epox (~0.6 V) and ipox (~13
nA). The anodic pretreatment only deactivated the electrode causing Epox to shift positive
by about 100 mV. The ipox was unaffected. Figure 2B shows cyclic voltammograms for 1
mmol L~1 ferricyanide in 0.1 mol L= KCI after the different pretreatments. As was the case
for 5-HT, the cathodic only and the combined anodic and cathodic pretreatment produced
similar levels of activity with AEp values of ~75 mV. In contrast after the anodic
pretreatment, AEp increased to ~400 mV indicative of sluggish kinetics. The reduction peak
current also was affected by the pretreatment. ipred was 850 nA for the cathodically
pretreated microelectrode and decreased to ~700 nA after the combined anodic and cathodic
pretreatment. After the anodic pretreatment, ipred decreased further to ~600 nA. Clearly, the
surface condition created by the pretreatment has a significant effect on the interfacial
electron-transfer kinetics for these two systems. The oxygenated surface was the least active
and the low oxygen surface was the most active.

Figure 3 shows the effect of a combined anodic +cathodic pretreatment on the response of a
fouled diamond microelectrode. Fouling was accomplished by exposing a new
microelectrode to 50 cycles in 10 pmol L™1 5-HT + 0.1 mol L™1 KClI solution An ill-defined
oxidation curve is evident for the deactivated electrode with no clear Epox or ipox. In
contrast, a new microelectrode is quite active with an Epox of ~630 mV and an ipox of 14
nA. The deactivated microelectrode was returned to its native state of activity after the
combined pretreatment. The Epox and ipox values are identical to those of the
microelectrode in its pristine state.

Figure 4 shows the effect of repetitive pretreatments on the diamond microelectrode
response for 1 mmol L™ ferricyanide in 0.1 mol L=1 KCI. Curves are shown for a new
microelectrode and the same microelectrode after the tenth pretreatment cycle (anodic +
cathodic). Multiple pretreatments do not alter the electrode in any way as the AEp remains
unchanged at ~80 mV and ipred is unaltered at ~700 nA. There is no increase in the
background current indicating that the diamond film is stably covering the Pt and the
electrode microstructure/morphology is unaltered.
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To demonstrate that the pretreated microelectrodes exhibit an analytically useful response,
square wave voltammetry was performed to measure the 5-HT oxidation current as a
function of the solution concentration. Figure 5 shows response curves for three different
microelectrodes activated by the combined anodic + cathodic pretreatment. Clearly, all three
microelectrodes exhibited a linear increase in the oxidation peak current with increasing
solution concentration. The regression statistics were as follows: (electrode #1: slope =
0.694 nA~E umol=2, y-intercept = 2.28 nA, R2 = 0.9965; electrode #2: slope = 0.639 nA~-
pmol=1, y-intercept = 2.62 nA, R? = 0.9912; 70 electrode #3: slope = 0.708 nA~L umol 1, y-
intercept = 2.94 nA, R2 = 0.9783).

The ability to reactivate a poorly performing diamond microelectrode has important
implications for in vitro peripheral tissue measurement of 5-HT (30,31). A major source of
bioavailable 5-HT in the body is in the bowel, specifically in enterochromaffin cells that are
part of the intestinal epithelium (32). These cells synthesize 5-HT from tryptophan, store it
in granules and secrete it in response to a luminal stimulus (e.g., mechanical force). The
release of this signaling molecule activates various motor, sensory and secretory reflexes.
Using continuous amperometry with a diamond microelectrode, we have measured 5-HT
secretion in the gut mucosa (guinea pigs, rats, mice and humans) (30,31). In these
measurements, the microelectrode is placed near the mucosa of the small or large intestine.
Stimulation of the enterochromaffin cells evokes release of 5-HT that can be measured in
the nearby extracellular space as an oxidation current. The relatively high concentrations
present (10's pmol L™1) along with the complex environment of the bowel present
measurement challenges for any electrode material. From time to time, the diamond
microelectrode response deteriorates with time during the in vitro measurement. We
conducted tests to determine if the galvanostatic pretreatment could reactivate a fouled
microelectrode in situ.

Figure 6 shows typical approach curves for the measured 5-HT oxidation current versus the
distance between the diamond microelectrode and the mucosa surface. These measurements
were made in vitro in the mouse ileum. The perfusion buffer provides a sufficient
mechanical stimulus to the cells to evoke secretion. As the microelectrode approaches the
surface (2000 to 10 um), the current progressively increases. This is shown in the left-most
data for a “clean electrode”. The center data shows the response for a “deactivated” diamond
microelectrode in the same tissue. The microelectrode was deactivated by cycling it in a
solution of 100 pmol L™1 5-HT + Krebs buffer (pH 7.4) for an extended period at 0.10 V s71
prior to the tissue measurement. It can be seen that the 5-HT oxidation current at all
distances is about half the magnitude of that for the “clean” electrode, reflecting the
microelectrode's unclean surface condition. After this measurement, the microelectrode was
retracted from the tissue but left in the perfusion bath. It was then pretreated in situ in the
flowing Krebs buffer. An anodic pretreatment was performed galvanically for 30 s at 250
mA cm~2. A cathodic pretreatment was performed for 180 s at —250 mA cm™2. The right-
most data in the figure show that the original current magnitude was regained for the
“reactivated electrode”. This result shows that reactivation of the diamond microelectrode
can be conveniently accomplished in situ. Figure 7 shows plots of the 5-HT oxidation
current measured as a function of distance during the approach. Approach curves were
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recorded from 2000 to 50 um for a clean electrode, after the electrode was deactivated and
after reactivation by galvanostatic pretreatment. Clearly, the galvanostatic pretreatment
effectively restored the current response of a “deactivated” diamond microelectrode.

Finally studies were performed to determine if the degree of activation by the two-part
galvanostatic pretreatment depends on the electrolyte medium in which the pretreatment is
performed. To this end, we tested three media: 0.1 mol L-1 H>SOy4, 0.1 mol L phosphate
buffer (pH 7.2) and 0.1 mol L1 NaOH. Figure 8A-C shows cyclic voltammetric i-E curves
for 100 pmol L1 5-HT in 1 mol L=1 KCI (0.05 V s71) recorded before, after the anodic
pretreatment and after the cathodic pretreatment in each of the three media. It can be seen
that the degree of activation is similar regardless of the electrolyte solution. In all media, the
anodic pretreatment deactivates the diamond electrode for 5-HT oxidation as evidenced by
the positive shift in Epox by ~100 mV or so as compared to the value for the clean, unused
electrode (so-called background), ~0.45 V. In contrast, in all three media the cathodic
pretreatment activates the electrode as evidenced by the more negative Epox.

4. Discussion

The results demonstrate that diamond microelectrodes can be activated by cathodic and/or a
combined anodic and cathodic pretreatment in agreement with published work for planar
diamond films (20-24,34). This was demonstrated using two surface-sensitive redox
systems: ferri/ferrocyanide and 5-HT. The anodic nor the cathodic pretreatment, at least as
performed herein, causes no major increase in surface roughness or detachment of the
diamond coating from the Pt wire substrate. Background voltammetric currents and
capacitance were largely unchanged by either pretreatment. One thing the cathodic treatment
does do is lower the surface carbon-oxygen functionality coverage, presumably by
introducing surface hydrogen (21,34). Since our data were consistent with these findings, we
did not perform a surface analysis to learn how the diamond microelectrode surface
chemistry was changed by the pretreatment.

At the current densities used in this work, the electrode potential is well into the oxygen
evolution and hydrogen evolution regimes. While the anodic pretreatment might be effective
at cleaning the electrode surface through the generation of reactive oxygen species at the
electrode surface (oxidizing adsorbed organics to CO5), it inhibits the interfacial electron-
transfer kinetics for these two surface-sensitive redox systems. The evidence at hand is
consistent with a mechanism whereby the introduced carbon-oxygen functionalities block
sites involved in the electron transfer of these two redox systems. The exact site and the
types of blocking functional groups remain to be determined. For the highly boron-doped
diamond films used in this work, the anodic pretreatment does not introduce changes in the
surface electronic properties. This was confirmed in prior published work for the surface-
insensitive ferrocene (20) and in our work by use of surface-insensitive redox systems like
Ru(NH3)6*3/*2 (data not presented herein). Relatively rapid electron transfer was observed
for these two redox systems on electrodes pretreated by both methods. If the anodic
pretreatment altered the electronic properties, then inhibited electron transfer for all redox
systems would be expected (more positive Epox and or larger AEp) and this is not the
finding. The site blocking effects of surface carbon-oxygen functionalities is specific for
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certain redox systems and was first demonstrated by us for ferri/ferrocyanide by comparing
the response of oxidized versus hydrogen plasma-treated diamond films (35). A similar
finding was made by the Fujishima group (36). In more recent work, Actis et al. reported
more sluggish electron transfer for ferri/ferrocyanide at oxidized diamond as compared to
hydrogen- or amine-terminated diamond (37). Their work involved the use of more
semiconducting diamond electrodes. The cathodic pretreatment appears essential mainly
because of surface cleaning and its effect on lowering the coverage of site blocking carbon-
oxygen functionalities. It should be emphasized that these effects are specific to the more
heavily doped diamond. Greater effects on the electronic properties are certainly possible for
lower doped diamond.

Conclusions

The results presented herein demonstrate that electrochemical pretreatment is a convenient
and reproducible method for activating diamond microelectrodes. The pretreatment is
especially useful for activating diamond microelectrodes in situ during measurements of 5-
HT in the bowel. Unlike the effects on sp2 carbon fibers, anodic and cathodic pretreatment,
at least as applied here, produced no diamond surface roughening or caused no changes in
the voltammetric background current or capacitance. Additionally, the pretreatment did not
cause any diamond film delamination from the Pt substrate. The most active electrodes were
produced by a final cathodic pretreatment which served to clean the surface and lower the
site-blocking surface carbon-oxygen functional group coverage. While we have 15 not
performed any systematic studies of how the pretreatment affects the microelectrode
response for other bioanalytes, in principle, it should be as effective. We have recently
shown how the pretreatment activates diamond thin films for the oxidation of estrogenic
compounds (38,39).
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Figure 1.
Cyclic voltammetric background curves for a diamond microelectrode after anodic (dash-

dot), cathodic (solid) and combined anodic + cathodic (dash) pretreatment. Electrolyte = 0.1
mol L1, Scanrate = 0.1 vV s7L.
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Figure2.
(A) Cyclic voltammograms for 10 umol L= 5-HT + 0.1 mol L™1 KClI after anodic (dash-

dot), cathodic (solid) and 55 combined anodic and cathodic (dash) pretreatment. (B) Cyclic
voltammograms for 1 mmol L-1 ferricyanide + 0.1 mol L-1 KCI. Scan rate = 0.1 V s71.
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Figure 3.
Cyclic voltammograms for 10 umol L= 5-HT in 0.1 mol L= KCI for a new diamond

microelectrode (solid), after deactivating the electrode by extended cycling in a 5-HT
solution (dash-dot) and after a combination anodic + cathodic pretreatment (dash). Scan rate
=0.1VsL
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Figure4.
Cyclic voltammograms for 1 mmol L= ferricyanide in 0.1 mol L1 KCI before and after ten

combined anodic + cathodic pretreatments. Scan rate = 0.1 V 571,
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Figure5.
Response curves for three different pretreated diamond microelectrodes as a function of the

5-HT concentration. The square wave voltammetric conditions were: increment: 7 mV;
frequency: 15 Hz; amplitude: 50 mV. Electrolyte = 0.1 mol L=1 KCI. The electrodes were
activated by the combined anodic and cathodic pretreatment.
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Figure®6.
Oxidation current versus the diamond microelectrode-mucosa spacing. The measurements

were made by continuous amperometry in the mouse ileum at 0.8 V vs. Ag/AgCI. The tissue
was mounted in a bath with perfusing Krebs buffer (pH 7.4). Approach curves were
recorded from 2000 to 10 um for a clean electrode, after the electrode was deactivated and
after reactivation by galvanostatic pretreatment. Error bars represent standard deviations for
three approach curves measured for each electrode in the same tissue.
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Figure7.
Oxidation current versus the diamond microelectrode-mucosa spacing. The measurements

were made by continuous amperometry in the mouse ileum at 0.8 V vs. Ag/AgCI. The tissue
was mounted in a bath with Krebs buffer (pH 7.4) perfusing. Approach curves were
recorded from 2000 to 10 um for a clean electrode, after the electrode was deactivated and
after reactivation by galvanostatic pretreatment.
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Figure8.
Cyclic voltammograms for 100 umol L™1 5-HT in 1 mol L1 KCI before and after the anodic

and cathodic pretreatment in (A) 0.1 mol L™ H,SOy4, (B) 0.1 mol~1 L phosphate buffer (pH
7.2) and (C) 0.1 mol L™ NaOH. Scan rate = 0.1V s71.
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