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a b s t r a c t

Scanning electrochemical microscopy (SECM) allows spatially and temporally resolved measurements of
a broad range of reactive surfaces and specimens, typically using electrochemically active metal probes.
While conducting polymers (CPs) present several analytical properties of interest due to their chemical
versatility, potentially enabling the measurement of ionic fluxes as well as redox processes, they have not
been widely used as probe materials for SECM. CPs can be modified and fine-tuned to improve exper-
imental parameters and they can be easily prepared by electrodeposition. In this paper, we show a new
type of CP probe for SECM that retains the spatial resolution of conventional metal probes and introduces
the possibility to exploit a wide range of ionic and redox systems. Poly-3,4-ethylenedioxythiophene
(PEDOT) was electrochemically deposited on flat and recessed Pt microdisks to generate CP SECM
probes. To demonstrate their usefulness, an insulating substrate with conducting features was imaged.
Well-defined SECM feedback images were observed for both the CP well-probe and the Pt probe, proving
the efficiency of the new electrode to image redox reactions. Additionally, an organosulfur compound
was used as mediator taking advantage of the electrocatalytic effect PEDOT has on the molecule's ki-
netics. Finally, these probes were also used in a mediator-less fashion, taking advantage of the ion flux
required to electrochemically oxidize the PEDOT deposit. We investigated the impact of anion size and
concentration on current-distance relationships for SECM probe positioning. CP probes pose exciting
prospects for the imaging and measurement of combined redox and ionic processes in energy materials.

© 2019 Published by Elsevier B.V.
1. Introduction

Scanning electrochemical microscopy (SECM) is a scanned
probe technique capable of measuring redox and ionic reactivity on
a variety of substrates, including interphases of battery materials
[1,2], conducting surfaces with heterogeneous reactivity [3,4], and
studying a variety of systems from metal corrosion to living cells
[5,6]. In the feedback mode of SECM, the probe consists of an
electrode that enables the imaging of surface reactivity by detecting
-L�opez).
changes in current as a redox mediator is cycled in the gap between
probe and substrate. This current responds to changes in its local
environment thus allowing the measurement of differential re-
sponses to topographic and reactive features [7]. Because the probe
electrochemistry is customizable, several modes and hybrid tech-
niques have been developed over the years that allow for deter-
mination of a broad variety of reactions, including electron transfer
[8], ion transfer [9], adsorbed intermediate quantification [10,11],
photoelectrochemical response [12,13], electrocatalysis [14],
amongst many others [15].

An active direction in SECM studies is the development of new
types of probes for both amperometric and potentiometric mea-
surements [16e19]. There is currently a wide variety of probes
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Fig. 1. Mechanisms for detecting charge transfer reactions at CP-modified SECM
probes. A) Redox reaction mediated by p-doped PEDOT. B) Influx of counterions upon
doping.
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including ultra-micro electrodes (UMEs), in which a conducting
wire is sealed in a glass capillary and then exposed to reveal a flat
disk ranging from 25 mm in radius to the nanoscale [20e22]. Probes
for hybrid techniques such as SECM-AFM (atomic forcemicroscopy)
have allowed the determination of topographical and electro-
chemical information by recording the interaction force with the
AFM probe and the current with the electrode [23e28]. Further-
more, there is an ever-increasing interest in exploring the versa-
tility of SECM probes for chemical imaging. For example, the
interest in measuring ion fluxes in biological systems has led to the
development of probes based on ion transfer across the interface
between two immiscible electrolyte solutions (ITIES) [29e32].
Similarly, our group has introduced probes based on Hg for imaging
alkali ions in battery solvent environments for operating energy
storage interfaces. In addition to the use of Hg probes, impedance
modes of SECM and Scanning Ion Conductance Microscopy (SICM)
for imaging ion fluxes have proved the potential of mediator-free
systems [33e37].

An attractive direction in SECM probe development involves
modifying the electrode by adding an electroactive polymer layer,
thus granting the electrode additional properties like selectivity for
anions, enhanced catalytic activity, or increased probe stability
[38,39].Modified electrodes have also been employed as alternatives
to reduce the surface fouling observed with the measurement of
certain analytes, often due to unwanted side reactions or irreversible
adsorption [40,41]. It would be desirable to incorporate as many of
these sought-after properties into a single probe. Here, we explore
the properties of one such probe that takes advantage of the unique
attributes of conducting polymers (CPs) for the measurement of
redox and ionic processes, while also avoiding electrode fouling.

CPs consist of repeating units of conjugated organic molecules
that are easily prepared via electrochemical methods [42]. Further-
more, their backbone can bemodified to improve on their electronic,
physical, and optical qualities [43]. Thus, these materials have found
many applications in fields such as electrocatalysis, electronics, en-
ergy, coatings, electromagnetic shielding, and sensors [44]. The
attractiveness of CPs as materials for SECM probes stems from their
combined electronic, redox and ionic properties. CPs display high
chemical stability, and conductivity [45,46]. They can mediate re-
actions while in their conductive state, making them viable as elec-
trode materials for SECM (Fig. 1A) in the feedback mode. As long as
the standard reduction potential (E0) of the redoxmediator is within
the conductivity window of the CP, it should be sufficient to perform
redox chemistry on the mediator [41,47,48]. Conductivity in CPs is
basedondoping,where electrons are removed throughoxidation (p-
doping) or added through reduction (n-doping). These processes
efficiently delocalize charge along the backbone. Upon charging and
discharging the electrolyte ions diffuse into the polymer matrix,
effectivelyneutralizing the charges formedalong thebackboneof the
doped polymer (Fig. 1B) [39,42,44,49,50].

Because of these operation modes, we hypothesized that CP-
modified SECM probes would provide a versatile platform for
measuring redox and ionic processes. In their conductive state, CPs
will mediate the redox reaction of a species in solution allowing for
redox imaging of a substrate. Likewise, affecting the flux of ions to
the material during the doping reaction would result in currents
reflecting changes in local ionic activity. The recent work from
Venugopal et al. [51] studying the insertion of cations on a CP in an
SECM configuration, and studies on the process of ionic transport
within CP films by Wang et al. give us a theoretical framework in
which to base our hypothesis [52e54]. Combining these properties
would allow for measurements of systems with new types of me-
diators and to expand on the potential of conducting polymers as
an analytical tool.

Conducting polymer films have already been employed in
modified electrodes where a thin film of the polymer is deposited
onto a surface. These modified electrodes are especially useful in
enhancing or improving the selectivity of the probe towards certain
analytes or electrochemical reactions [41,55e58]. Though SECMhas
been employed for many applications involving CPs [26,59e61],
and CPs have been used to modify UMEs and perform analytical
measurements [51,62], these have yet to be employed in SECM
probes for redox and anion measurement. In the following sections
we describe a method through which poly-3,4-
ethylenedioxythiophene, commonly known as PEDOT [63], was
successfully deposited into a recessed cavity etched into an UME
(Fig. 1). We then used this modified well-electrode as an SECM
probe to image features on a both insulating and conducting sub-
strate. Later, we show that these CP probes provide an avenue to
expand mediator choice for SECM by using an organosulfur com-
pound as a mediator, which typically cannot be done on noble
metal electrodes due to slow kinetics and fouling of the electrode
[64]. To demonstrate versatility of this approach, we used cyclic
voltammetry (CV) and various counter anions to study the possi-
bility of utilizing this probe for the study of ion fluxes [33,34].
2. Materials and methods

2.1. Reagents

Calcium chloride (CaCl2, Sigma, 99þ%), 3,4-
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ethylenedioxythiophene (EDOT, C6H6O2S, Aldrich, 97%), ferrocene
(Fc, Aldrich, 98%), lithium bis(oxalato)borate (LiBOB, Aldrich),
lithium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (LiBARF,
Boulder-Scientific), tetrabutylammonium hexafluorophospate
(TBAPF6, Sigma-Aldrich, 99þ%), tetrabutylammonium tetra-
fluoroborate (TBABF4, Sigma-Aldrich, 99þ%), 1,3,4-thiadiazole-2,5-
dithiol dipotassium salt (DMcTK2, Sigma Aldrich, 98%), hydrochlo-
ric acid (HCl, Macron), acetonitrile (AN, Fisher Chemical, 99þ%), and
N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8%) were pur-
chased from commercial sources and used as received. Millipore
deionized water with resistance �18 MU was used.

2.2. Probe fabrication

Pt disc UMEs were fabricated by sealing a Pt wire of radius (a1)
12.5 or 25 mm inside a borosilicate glass capillary by using a Nara-
shige PE-2 glass puller. Another UME of radius 3.5 mm was fabri-
cated by electrochemically etching a 12.5 mmPt wire by applying
2.70 V to the wire while submerged in a solution composed of 30 v.
% sat. CaCl2 þ 10 v. % HCl in H2O, using a carbon rod as a counter
electrode [65,66]. Afterwards, the wire was sealed in a glass
capillary as detailed previously. The electrodes were then sharp-
ened using a beveller to reduce the area of glass around the wire
and decrease the total probe radius (a2). After sharpening, the
probes were polished using a felt polishing pad covered in a 1 mm
alumina (Al2O3) slurry (Fig. 2A).

Following the determination of the Rg (a2/a1) by optical
methods, the electrodes were etched/recessed using the same
etching solution specified previously and applying a 2.70 V AC
waveform at 60 Hz with a variac for 40s (Fig. 2B). This resulted in a
cavity of about 12.5 mm, or the same radius as the electrode probe.
The probes were sonicated during etching to avoid retention of
bubbles in the cavity as specified elsewhere [33].

For the deposition of the CP, a 10mM EDOT solution with 0.1M
TBAPF6 as electrolyte in AN was used. Each probe was sonicated
briefly in the solution prior to deposition to guarantee contact with
the recessed Pt disk. The polymer (PEDOT) was electrodeposited
potentiodynamically for at least 15 cycles in the potential window
Fig. 2. Fabrication process of a polymer well-probe. Optical images (50x) of the top of the
etching with 30 v.% sat. CaCl2 þ 10 v.% HCl in H2O. C) After deposition of PEDOT by cycling
between�0.1 and 1.35 V vs Ag/AgCl (Fig. S1A). After deposition, the
excess polymer that covered the surface above the glass was
carefully removed with a lint-free wipe wetted with AN, leaving
polymer only within the recessed electrode cavity (Fig. 2C) [33].
These probes that have been etched back are referred to as “well-
probes.” For the deposition of a film on a Pt disk, only 1 cycle was
performed and was not sonicated or treated after deposition
(Fig. S1B). This probe is referred to as “film-modified.”

2.3. Electrochemical tests

With exception of the probe fabrication, deposition and testing
of the polymer, all experiments including SECM and CV-SECMwere
conducted in a MBRAUN UNIlab glovebox operating under ultra-
high purity argon. Bipotentiostat CHI 920D was used for all mea-
surements inside the glovebox and CHI 760 was used for probe
fabrication (both from CH Instruments). A Pt wire served as a
counter electrode and a silver wire as a quasi-reference. Where
appropriate, CVs were referenced against Ag/AgCl using the redox
couple ferrocene/ferrocenium (Fc/Fcþ) as an internal standard
added at the end or the beginning of the experiment.

2.4. Scanning electrochemical microscopy

Experiments were performed using a standard SECM Teflon cell
[15]. The substrate was leveled by performing a 700 mm line scan
along the x and y axes sequentially and adjusting the tilt of the stage
until the difference in current from one side to the other was less
than 1%.

Imaging using the conducting polymer probe was performed
using a PEDOT well-probe, a PEDOT film-modified electrode, and a
Pt disk UME. The substrate consisted of an electrode array, where
15 mm radius Pt circles were exposed through a patterned SU-8
photoresist spin-coated on a silicon dioxide (SiO2) wafer. The Pt
circles were connected to leads that could be used to activate the
substrate (Figs. S4e5). The approach curves for each electrode were
fitted to theoretical curves for negative feedback as described
elsewhere [33]. The distance for the approach curves are expressed
probe after each step. A) Electrode polished and sharpened. B) After electrochemical
in a monomeric solution of EDOT and wiping surface with lint-free wipe.



Fig. 3. Redox mediation at CP-SECM probes. Increasing concentration of Fc in a 0.1M
TBAPF6 solution in AN at a PEDOT well-probe at 50mV/s. Insert) Steady state current
plotted vs concentration. Error bars were obtained from three replicates.

Fig. 4. CP SECM probe approach curves to glass using a redox mediator. Comparison
between A) electrode modified with a thin film of PEDOT and B) a CP well-probe. Edge
effects can be observed for the first case, whereas excess deposited polymer can be
easily removed from the well-probe. Performed at 10 mM Fc þ 0.1 M TBAPF6 in DMF.
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in terms of L where L¼ d/a1, d is the absolute distance in mm [5]. A
region of interest was found after leveling the surface and imaged
using the substrate without bias and later while biasing it in
competition mode at the same potential the tip was applying (1.0 V
vs Ag QRE). Imaging with the PEDOT well-probe was compared
with two others to confirm viability of the probe: one consisting of
a bare Pt disk and a modified electrode with a thin film of PEDOT
covering a Pt disk electrode. Probes used in these experiments were
12.5 mm in radius. The images obtained with the bare Pt disk UME
were used as control. The size of the probes was appropriate to
resolve the features on the substrate. The current obtained was
then normalized by the limiting current at infinite distance.

The substrate used for CV-SECM using DMcTK2 as mediator
consisted of 50 mm-deep ridges on polydimethylsiloxane (PDMS)
(Fig. S6). The surface was approached and imaged with a Pt UME
and a PEDOT well-probe using a 10mM, 0.1M TBAPF6 solution in
DMF. The cell was then rinsed with DMF and the solution was
changed to a 2 mM DMcT þ0.1 M TBAPF6 in DMF and the same
procedure was repeated.

Ion-flux experiments used the stepper and piezo motors of the
SECM to approach to an insulating surface (glass). A 10mM, 0.1M
TBAPF6 solution in DMF was used to locate the substrate before
rinsing the cell and changing the solution to one containing one of
the anions under study.

3. Results and discussion

3.1. Characterization of probes

PEDOT was deposited at the electrode surface by potentiody-
namic cycling of the probe (Fig. S1). The thickness of the PEDOT
inside thewell-probes was the same as the depth of the cavity since
the film was trimmed to be at the same level as the glass after
deposition. Scanning electron microscopy (SEM) images (Figs. S3A
and S3B) confirmed the presence of the film and revealed the
morphology of the film inside the cavity before and after an
experiment. Cycling the probe in clean electrolyte solution after
cleaning the excess polymer confirmed electrochemical connec-
tivity to the electrode surface and represented a typical voltam-
mogram for a PEDOT film (Fig. S2).

The film deposited on the Pt disk UME revealed the presence of a
ring, indicating a thicker deposit of PEDOT when compared to the
center of the UME (Fig. 4a, inset). This ring often forms around the
electrode surface due to the higher flux of electroactive species, in
this case, EDOT oligomers, to the edges of the electrode [67]. SEM
images of the well-probe revealed heterogeneity at the surface of
the electrode (Fig. S3), as the film was not level in its entirety with
the glass. However, this did not affect our measurements, or the
performance of the probe, as will be shown in later experiments. As
seen in Fig. S3B, the main morphological features, including the
presence of a cavity, and irregular edges and deposits were
observed before and after imaging. We did not observe changes
either when the probewas exposed to air for 48 hrs, with exception
of the layer losing contact with the edges of the cavity as the solvent
evaporated. The probe can be used after several days of being
fabricated, as long as it is cycled in electrolyte before use. However,
for these experiments we used a freshly made probe before each
experiment.

3.2. Feedback measurements using redox processes

The mediator used for this experiment was the Fc/Fcþ redox
couple, a well-known and reversible mediator for SECM [68]. The
voltammetry for the oxidation of Fc was observed over the back-
ground signal for charging and discharging of the polymer film for
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both the film-modified and the well electrodes (Fig. 3). To study the
relationship between the concentration of mediator and steady
state current, Fc was spiked into a 0.1M TBAPF6 solution while
maintaining a constant concentration of electrolyte. A linear rela-
tionship was obtained between the concentration of Fc and steady
Fig. 5. Feedback and Redox competition mode imaging comparison between Pt and CP-mo
competition mode using three types of r¼ 12.5 mm probes with the substrate unbiased (A, C
and F). A, B) Pt UME C, D) PEDOT film modified UME E, F) PEDOT well-probe UME.
state current of the PEDOTwell-probe (Fig. 3, insert). Assuming that
the electrode response is characterized by the limiting current at a
disk microelectrode with radius a, for a process displaying one
electron (n¼ 1) as is the case for ferrocene, with a diffusion coef-
ficient of 2.3� 10�9m2/s in MeCN, and with F¼ 96,485 C/mol, the
dified SECM probes. 10 mM Fc þ 0.1 M TBAPF6 in DMF. SECM image of a substrate in
and E) and with the substrate biased to compete with the probe (1.0 V vs Ag QRE) (B, D



Fig. 6. SECM imaging in feedback mode of a ridge imaged with A) 10 mM Fc þ 0.1 M
TBAPF6 in DMF and B) 2 mM DMcT þ0.1 M TBAPF6 in DMF.
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slope (m) of a current vs. concentration plot such as that shown in
Fig. 3 can be calculated as m¼ 4nFaD, leading to m¼ 1.1� 10�8 A/
mM.We experimentally found a slope of 1.3� 10�8 A/mM, which is
in agreement with the theoretically predicted value. A slightly
larger value may be explained by the presence of a larger electro-
active area, which could be caused either by a slight protrusion of
PEDOT or polymer present beyond the boundaries set by the cavity.
Although Fig. S3 shows a complex morphology of the PEDOT de-
posit, the characteristic times used for voltammetry and for the
SECM approach curves allow a growth of the diffusion layer that
exceeds the size of the non-uniformities, thus leading to a limiting
current that approaches that of a flat microdisk. This suggested that
the signal for the mediator should decrease as the probe is
approached to an insulating surface (i.e. SECM negative feedback)
due to inhibited diffusion of mediator to the tip. Thus, this allows
the use of the redox couple as mediator for imaging when using a
PEDOT-modified probe.

The CP probes were subsequently brought close to an insulating
glass surface. Fitting of the obtained approach curves was in
agreement with negative feedback theory (Fig. 4 and Table S1) [33].
Although the ring effect increases the effective surface area of the
PEDOT-film-modified electrode and impacts the geometry of the
electrode (Fig. 4A), we did not observe an effect on the ability to use
reported expressions for approach curves. Both the film and the
well-probe reached within 2L (25 mm) from the surface, allowing
for imaging of surface features. We believe the disc-well is a more
suitable probe since in the event of crashing with the surface, it
would experience a minimal damage since its polymer filling is
level with the insulating glass. In contrast, the film-modified elec-
trode raised polymer layer would be deformed or scratched after
crashing, negatively affecting its performance.

3.3. Imaging a conducting and insulating substrate

A substrate with 30 mm diameter Pt disks was imaged with a Pt
disk UME, a PEDOT film-modified probe and a PEDOT well-probe.
All probes had a Rg< 5 and a 12.5 mm radius. Fc/Fcþ was used
again as a mediator for this experiment. The region of interest was
first imaged while the substrate was off (e.g. at open circuit po-
tential). Under these conditions, any observed differences in cur-
rent over the spots are due to lateral charge diffusion at the Pt
surface, causing the current to be effectively larger than at
completely insulating regions (Fig. 5, left). The difference in ge-
ometry caused by the ring of polymer in the film-modified disk
caused a decrease in the imaging resolution, making the features
appear larger than they are (Fig. 5c). This was not caused by dif-
ferences in imaging distance. Redox competition imaging also
evidenced image variations. Here, the substrate was biased to an
oxidizing potential for Fc, while the same reaction is carried out at
the tip. This is shown in the “on” version of the image (Fig. 5, right).
Once again, we can more clearly distinguish the three spots with
the well-probe UME than with the film-modified probe. From this
experiment, we concluded that the well-probe resulted in a suit-
able tip for imaging, and that imaging resolution was not greatly
affected by the heterogeneity observed with the SEM. These probes
performed similarly to the Pt UME. The film-modified probe did not
perform as well as the well-probe, which can be attributed to
several factors such as the thicker polymer edge ring and the overall
amount of polymer. These affect the probe geometry and the film
stability since there is significantly less amount of polymer in the
film than in the well.

3.4. Utilization of DMcT as a mediator for SECM

Previous work by the Abru~na group studied organosulfur
compounds as viable molecules for energy storage in lithium-ion
batteries. These molecules show slow reaction kinetics on noble
metals such as Pt but their reactions are catalyzed on conducting
polymers. Particularly with PEDOT, these demonstrate faster ki-
netics (Fig. S17) [64]. Preliminary experiments with DMcT (Fig. S18)
show a progressive fouling of the Pt surface that leads to distorted
SECM approach curves. We speculate that this occurs due to the
deposition of sulfur-containing species on Pt which block electron
transfer. These complications are remedied when using a CP well-
probe, thus demonstrating their potential for systems that inter-
fere with metallic electrodes [69,70]. We tested the viability of
using one such organosulfur compound, 1,3,4-thiadiazole-2,5-
dithiol in its potassium salt form (DMcTK2), as a mediator to im-
age topographical features on a substrate. The substrate consisted
of 50 mm-wide and 50 mm-deep ridges patterned on PDMS which
were 150 mm apart. To fully demonstrate the resistance to fouling,
we used an overpotential of 20mV after the second oxidation of
DMcT. A 200 mmby 200 mmarea of interest, where a ridge can easily
be observed, was imaged using the second oxidation potential. To
compare with a trusted mediator, Fc was used again in the same
concentration as before (10mM, 0.1M TBAPF6 solution in DMF) and
the level of contrast obtained was the same for both as can be seen
in Fig. 6. Differences in current levels can be attributed to different
absolute heights from the surface. For each mediator, a separate
approach was done where imaging distance from the surface was
0.9L (11.25 mm) for DMcT and 0.75L (9.38 mm) for Fc, where both
distances created distinct levels of contrast. Approach curves and



M.A. Claudio-Cintr�on, J. Rodríguez-L�opez / Analytica Chimica Acta 1069 (2019) 36e4642
fitting parameters can be found in Fig. S16 and Table S2. Despite
different distances from the surface, both are acceptable for im-
aging with good contrast. The feature imaged had the same di-
mensions and in both cases the images showed excellent level of
contrast. This experiment proved the ability of the probe to use an
organosulfur compound redox system as a mediator for SECM
during imaging. We have proven the usefulness of the PEDOT well-
probe for redox imaging in SECM. We now turn to exploring the
prospects of using it for ionic imaging.
3.5. Ionic flux measurements using CV-SECM

To test our hypothesis that counterions from the electrolyte
could be used for differentiating ionic fluxes when coupled to
charge transfer reactions (Fig. 1B), different anions of varying size
were tested with a PEDOT well-probe. The strategy used here
consists of measuring the current at the CP-SECM probe when
starved of charge-compensating ions. Fig. 7 shows a preliminary
experiment where the difference in capacitance (i.e. current
normalized by scan rate) of a PEDOT well-probe was measured in
the presence of different sized anions in solution. Furthermore, the
probe response is also sensitive to the concentration of electrolyte
(Fig. S19). The flux of electrolyte at different scan rates also affects
the charge neutrality along the film, in turn affecting the capaci-
tance [51]. These two results suggest that limiting the rate at which
ions are inserted into the CP will lead to a differentiated probe
response. This is precisely what one encounters in the negative
feedback mode of SECM, where diffusion of ions to the probe is
blocked as it is approached to a surface.
Fig. 7. Cyclic voltammograms measured against Ag QRE showing the capacitance of the PED
scan rates. A) tetrakis(3,5-bis(trifluoromethyl)phenyl) borate (BARF‒) B) bis(oxalato) borate
Figs. 8 and 9 show the probe response as it is approached to an
insulating surface. The experiment took advantage of the technique
CV-PAC described previously by Barton et al. [33] in which a cyclic
voltammogram is taken at various steps as the probe is moved
toward a surface, and then a PAC is constructed with the resulting
current at some chosen potential, in this case the current at 1.1 V.
For a control, the insulating surface was first approached using a
conventional probe approach curve (PAC) using a redox mediator.
Once the surface was located, a point within 2L (L¼ d/a where d is
the distance and a is the probe radius) from it was denominated as
0 mm. This was the point where the probewas closest to the surface.
Approach curves were obtained over a range of 14 L [33]. After
determining the distance where this condition was true for each
electrode size, the probe was moved toward the surface at differ-
ently sized steps until it reached 0 mm.

At each step or distance away from the surface, the probe took
cyclic voltammograms at different scan rates, to test how this
parameter affects the charging of the film with the different anion
sizes and the role of limited diffusion caused by the proximity to the
surface. For smaller anions (PF6�), the change in current was less
when comparedwith the larger anions (Fig. S13). This was expected
given the small molecular size and faster diffusion coefficient
compared with larger anions, giving themmore ease to diffuse into
the polymer matrix while charging, regardless of the limited space
in the probe tip as it got closer to the surface. As expected, the
largest anion, BARFe, showed more contrast in the anodic charging
current, decreasing as the probe got closer to the surface, and
showed the same trend if the probe was moved backward starting
from the surface to the point of D¼ 14 L (Fig. 8). This trend
OT well-probe UME in the presence of different anions all in 1mM in DMF at different
(BOB�) C) hexafluorophospate (PF6�).



Fig. 8. Scan rate dependence of ion flux measurements at different distances from the surface for a r¼ 12.5 mm PEDOT well-probe UME. 1mM BARF‒ in DMF vs Ag QRE. Arrows
indicate the decrease in final current as the probe moves towards the surface. A, C and E) The probe is moved toward the point closest to the surface at 10, 100 and 1000mV/s,
respectively. B, D and F) Reverse run, the tip is moved from the surface toward infinite distance.
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prevailed when a larger (25 mm-radius) well-probe was used
(Figs. S9e12) but was lost when a smaller (r¼ 3.5 mm-radius) one
was employed (Fig. S14).

While using smaller probes presents opportunities for improved
lateral resolution, we also observed an inherent instability of the
polymer well in such a small cavity over time (Fig. S14). Pre-
conditioning of the well-probe in electrolyte showed decays in
current over various cycles (Fig. S15A). The well-probe was also
tested in electrolyte before and after use and showed overall
decreased current in its CV profile indicative of film degradation or
loss of material (Fig. S15B). Nevertheless, the two probes (r¼ 12.5
and 25 mm) that were successfully tested proved the viability of this
technique to be used as the final current was fitted against exper-
imental approach curves mediated by Fc (Fig. 5 and Fig. S10). Scan
rates above 25mV/s showed comparable results, with 100mV/s
showing the closest fit. At 10mV/s, the curve strongly deviates from



Fig. 9. Ion-responsive approach curves for a r¼ 12.5 mm PEDOT well-probe at different
scan rates (see Fig. 8). Values for each point obtained from normalizing final charging
current at different distances from the surface for the reverse run at 1mM BARFe in
DMF.
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theory. Differences when trying to fit the theory to the CV-PAC at
different scan rates can also be attributed to the fact that the
phenomena associated with the charging and discharging of the
probe are different than those considered for a normal conducting
surface on which a faradaic process is responsible for the observed
current. Therefore, modifications to the theory need to be made to
better fit the chemistry of our probe. Nonetheless, the agreement
with the general trend shows promise in the employment of large
anions as electrolytes to measure ion flux with SECM.

4. Conclusions

We have presented the fabrication of conducting polymer well-
probes and their application for redox and ionic measurements
using SECM. We explored the use of CP-modified disks and CP-well
probes. Under operating conditions, the well-probes showed a
stable and reproducible response and comparable spatial resolu-
tion to conventional Pt probes. When using a mediator, feedback
approach curves can be fit to negative feedback theory. CV-PAC
SECM mode was explored for ionic flux processes using these
well-probes but will require further optimization for fitting. A
conductive substrate was successfully imaged both while biased
and unbiased and compared well with images produced using a
conventional Pt UME. Also, an unusual mediator like DMcT was
successfully used to image topography on an insulating substrate
thanks to the electrocatalytic effect PEDOT has on the molecule,
further establishing the usefulness of these probes for species that
foul conventional materials such as Pt used for SECM probes. This
application demonstrates the versatility of the probe as it extends
into enabling the use of organosulfur compounds as mediators. CP
well-probes open opportunities in the study and characterization
of processes involved in the characterization of energy materials,
such as those found in ion-batteries and sulfur-containing elec-
trolytes. Overall, this probe shows promise as a convenient and
easy method to access and study systems that have traditionally
been out of reach with normal metallic probes.
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