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ABSTRACT: Scanning electrochemical cell microscopy (SECCM) is a high resolution electrochemical
scanning probe technique that employs a dual-barrel theta pipet probe containing electrolyte solution
and quasi-reference counter electrodes (QRCE) in each barrel. A thin layer of electrolyte protruding
from the tip of the pipet ensures that a gentle meniscus contact is made with a substrate surface, which
defines the active surface area of an electrochemical cell. The substrate can be an electrical conductor,
semiconductor or insulator. The main focus here is on the general case where the substrate is a working
electrode, and both ion-conductance measurements between the QRCEs in the two barrels and voltam-
metric/amperometric measurements at the substrate can be made simultaneously. In usual practice a
small perpendicular oscillation of the probe with respect to the substrate is employed, so that an alternat-
ing conductance current (ac) develops, due to the change in the dimensions of the electrolyte contact
(and hence resistance), as well as the direct conductance current (dc). It is shown that the dc current can
be predicted for a fixed probe by solving the Nernst-Planck equation and that the ac response can also
be derived from this response. Both responses are shown to agree well with experiment. It is found that
the pipet geometry plays an important role in controlling the dc conductance current and that this is easi-
ly measured by microscopy. A key feature of SECCM is that mass transport to the substrate surface is
by diffusion and, for charged analytes, ion migration which can be controlled and varied quantifiably via
the bias between the two QRCEs. For a working electrode substrate this means that charged redox-
active analytes can be transported to the electrode/solution interface in a well-defined and controllable
manner and that relatively fast heterogenous electron transfer kinetics can be studied. The factors con-
trolling the voltammetric response are determined by both simulation and experiment. Experiments
demonstrate the realization of simultaneous quantitative voltammetric and ion conductance measure-
ments, and also identify a general rule of thumb that the surface contacted by electrolyte is of the order

of the pipet probe dimensions.




Introduction

We have recently introduced scanning electrochemical cell microscopy (SECCM)'* as a new scanning
electrochemical probe microscopy technique,** to facilitate simultaneous high resolution topographical,
conductometric and amperometric/voltammetric imaging of surfaces and interfaces. SECCM is the lat-
est development in a succession of innovations in scanning electrochemical probe microscopy, starting
with scanning electrochemical microscopy (SECM),*” and expanded to techniques such as SECM-
atomic force microscopy (AFM),6 shear force-SECM,’ alternating current (ac)—SECM,8 intermittent con-
tact (IC)-SECM,’ SECM-scanning ion conductance microscopy (SICM),"® and various scanning droplet

techniques,11 including the scanning micropipet contact method (SMCM),"? and related methods. "

The probe in SECCM is a theta pipet, pulled to a sharp point. Each of the two compartments (Figure
1 (a)) is filled with an electrolyte solution, which forms a meniscus at the pipet tip, and each contains a
quasi-reference counter electrode (QRCE), often a chloridized silver wire.! A potential difference ap-
plied between the QRCE:s results in the migration of ions between the two barrels, through the meniscus
that protrudes from the end of the pipet. The electrochemical probe is mounted on a high resolution (pi-
ezo-electric) positioning system and a sinusoidal oscillation is applied to the z-position of the piezo-
electric positioner in the direction of the axis of the pipet (normal to the surface of interest), with an os-
cillation amplitude of a small fraction of the pipet diameter. Contact of the meniscus at the end of the
pipet with the surface can be detected by the sudden development of an alternating conductance current
(ac) between the barrels, due to the dynamic motion of the thin layer of electrolyte trapped between the

end of the pipet and the surface.'*"*

Once landed the tip can be scanned across the surface, keeping the
tip to sample distance fairly constant, by using the ac conductance signal as a feedback parameter. A
new enhancement we describe herein is the ability to “tune” and vary the tip to sample distance and car-

ry out approach curve measurements in which various current responses are measured as the electrolyte

layer is compressed.
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Figure 1. Schematics of (a) the SECCM setup showing the key geometric dimensions and electronic cir-

cuits and (b) the simulation domain. Not to scale.

The direct current (dc) conductance signal between the two QRCEs in SECCM is sensitive to ion up-
take and release from surfaces, as evidenced by studies of calcium phosphate uptake by enamel surfac-
es.! For investigations of conducting or semi-conducting substrates, a key aspect of SECCM is the abil-
ity to also directly carry out local surface electrochemistry measurements (e.g. voltammetry, amperome-
try etc.). In this situation, the pipet and substrate constitute a microscopic (or nanoscopic) electrochemi-
cal cell, with the substrate as a working electrode and one of the QRCEs acting as the counter/reference
electrode for voltammetic/amperometric measurements (vide infra). The ion-conductance measure-
ments mentioned above can still be made simultaneously. Indeed, a particularly interesting aspect of
SECCM is the possibility of making surface voltammetic/amperometric measurements, and simultane-
ous conductometric measurements, thereby greatly enhancing the information content of local dynamic

electrochemical experiments. This aspect is considered herein. The capabilities of SECCM, in this con-



text, are well illustrated by initial studies' and our recent investigations of the electrocatalytic activity of

individual Pt nanoparticles.2

As with SMCM,'? the pipet probe of SECCM provides high intrinsic diffusion rates to local features
on a substrate surface, because there is some non-linear diffusion inherent in the tapered pipet probe de-
sign, which is defined by the semi-angle, 8 (Figure 1 (a)). When the substrate is a conductor or (semi-
conductor), as considered herein, the pipet probe thus delivers high rates of mass transport to a small
working electrode area, such that the format is essentially that of an ‘ultramicrcoelectrode’ (UME). This
means that a wide range of substrates can be studied on a local scale, and with high rates of diffusion,
without having to physically construct or manufacture an UME. As highlighted herein, for charged ana-
lytes, SECCM offers the further possibility of controlling and varying mass transport via the applied po-

tential between the two QRCEs.

The aim of this paper is to provide a comprehensive model for mass transport in SECCM, including
the ion conductance characteristics and the voltammetric response with a conducting electrode substrate.
The study of conducting/semi-conducting materials is expected to be a major application area for
SECCM, but the results presented are also valuable for determining the main features of mass transport
in SECCM and how these may be controlled and characterized for other types of substrates. Moreover,
with the recent increase in the use of various micropipet and nanopipet imaging methods,'"'*'*"> we
expect the results to be of general utility. Finite element method (FEM) modeling is utilized to deter-
mine the electric field within the SECCM pipet and meniscus and to accurately describe mass transport.

The predictions of the simulations are examined by experiments, thus providing a strong, quantitative

foundation for the future application of SECCM for spatially-resolved measurements.

Experimental



SECCM measurements were performed using the system originally reported by Ebejer et al.', but
modified slightly, so that the conductometric and amperometric measurements could each be made with
independent potential control (Figure 1(a)). High sensitivity home-built current to voltage converters
(amplifiers) were used to measure the current between the QRCEs in the barrels of the theta pipet (ip)
and the substrate working electrode current (iy.). The entire experimental assembly was installed in a
Faraday cage. Instrument control and data acquisition utilized a PC with a FPGA card (PCI-7830R, Na-
tional Instruments) with a LabVIEW 9.0 interface (National Instruments). Cyclic voltammetry (CV)
experiments were carried out by sweeping the potential at the QRCEs (-E;) while maintaining the bias
between the barrels (Ey) as shown in Figure 1 (a). The most driving QRCE acts as the counter electrode
for the redox process at the substrate (working) electrode. Note that in this report iy, is 2 orders of
magnitude lower than the barrel ion conductance current, i,, although it may be important to take ac-
count of this when analyzing experimental ion conductance barrel currents for diagnostic purposes (vide
infra).

Dual barrel borosilicate glass theta capillaries (o.d. 1.5 mm, 1.d. 0.23 mm, Harvard Apparatus, UK)
were pulled using a laser puller (Model P-2000, Sutter Instruments, USA) to produce tapered pipets of
approximately 1 um total diameter at the end (vide infra). Typically, pipets had dimensions of r, = 400
nm - 600 nm, and 6 = 6.5° - 8.5° (Figure 1 (a)) and were measured accurately (by FE-SEM, Supra 55-
VP Zeiss).'® The outer walls of the pipets were silanized'” with dimethyldichlorosilane to ensure a rea-
sonable confinement of the protruding meniscus to the very end of the pipet (confirmed in supporting

information section S1).

Both barrels of the pipet were filled with the solution of interest. For the experimental studies report-
ed, this was a 2 mM solution of the redox mediator, the hexafluorophospahate salt of trime-
thyl(ferrocenylmethyl) ammonium, FcTMA® (synthesized in house),'® in an aqueous solution of KClI,
with a concentration range from 2 mM to 0.1 M (Fischer, analytical grade). All solutions were prepared

using Milli-Q water (Millipore Corp.) with a resistivity of 18.2 MQ cm at 25°C. Chloridized silver



wires (Ag/AgCl) were inserted into each barrel, and acted as the QRCEs. Highly oriented pyrolytic
graphite (HOPG) (SPI supplies, West Chester, PA — SPI1), freshly cleaved immediately prior to meas-
urements, provided a clean and flat working electrode substrate for surface electrochemistry measure-
ments. To minimize evaporation from the end of the pipet, the sample was mounted in a humidified cell

with a saturated KCI solution moat.’

The electrochemical (voltammetric) experiments were performed at a series of positions on the HOPG
substrate, utilizing the z-piezo to approach the probe towards the sample until a contact of the meniscus
and surface was attained. Control experiments demonstrated that closely similar voltammograms were
obtained with the pipet oscillating in contact with the surface (oscillation amplitude 100 nm, frequency
300 Hz) and without oscillation. Voltammetric measurements were typically made with a static probe
for comparison to the developed model, but note that the model for the dc ion-conductance current and
voltammetry developed herein is applicable to oscillating probes for the range of amplitudes and fre-

quencies defined hitherto'* and herein.

Theory and Simulations

All simulations were performed using the FEM modeling package Comsol Multiphysics 4.1 (Comsol
AB, Sweden) with MatLab 2009b (Mathworks Inc., Cambridge). Figure 1 (b) illustrates the simulation
domain which represents half of a pulled theta pipet and the meniscus, making use of the symmetry
plane perpendicular to the wall that divides the pipet into two barrels, in order to enhance computational
efficiency. To optimize the calculations, each barrel was divided into 2 sections, labeled ‘upper’ and
‘lower’ in Figure 1 (b). These sections were used to manage the mesh, such that the mesh in the menis-
cus and lower sections of the barrels, where the concentration and potential gradients experienced were
steepest (vide infra), were much finer than in the upper section. Overall, the pipet was conical with a
circular base, and the dividing segment separating the barrels was located at the center. The diameter of

the meniscus contacting the working electrode (m,,) was usually approximated to be the same as the pi-
7



pet diameter, except for studies concerning the effect of the meniscus shape on the current at the work-
ing electrode, iy., and the ion-conductance current between the barrels, iic. As shown through the stud-
ies herein, electrolyte contact of the surface of the order of the pipet (inner) diameter is a good rule of
thumb. The geometrically significant parameters, as highlighted in Figure 1 (a) and (b), are the inner
radius of the capillary, r,, the central segment thickness, f,, and the semi-angle of the capillary, 8 (°).
Additionally, the meniscus height, m;,, can be important and we outline how this parameter can be de-
duced from the various SECCM current responses. We simulate a static probe, but show how data de-

rived can be used to treat an oscillating probe.

Pipet Electric Field and Migration in SECCM

We first consider the current flow between the two QRCEs in SECCM, initially ignoring any process-
es at the substrate electrode. The time-dependent Nernst-Planck equation (equation (1)) with electro-

neutrality (equation (2)) was solved for all species within the pipet,

(D

(2)

where ¢j, D}, zj, and u; are the concentration, diffusion coefficient, charge and ionic mobility of species,
J, respectively, t is time, F is the Faraday constant, V is the electric field (provided by the bias, Ej, be-
tween the QRCEs in the two barrels), and u is the velocity vector of the solution within the pipet. To
simplify the problem we have ignored convective terms (u = 0) that might contribute, for example by
electroosmotic flow, which is reasonable given the high rates of migration in SECCM (and diffusion for
the case where the substrate working electrode is active) compared to the electroosmotic flow rate pre-

dicted by the Smoluchowski equation (Supporting information section S2)."” Consequently other fac-
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tors®® are negligible for the system considered. Note that for this particular stage of the problem, a
steady-state response is observed, but we solved the time-dependent electric field for compatibility with

the time dependent substrate working electrode boundary condition discussed later.

The model simulates the movement of up to five ionic species within the pipet and meniscus: Na*, CI,
FcTMA™, FCTMA2+, and PFg¢’, but could be extended to any practical number of species where the mo-
bility, diffusion coefficient and charge are known. Values for u; were determined from the molar con-
ductance (4;) for the relevant ions. For K*, CI" and PFg reasonable values for the conditions herein
were?! Ake=7328 cm? mol'l, Ac.=70.3 S cm? mol'l, Aprs. = 56.9 S cm? mol™. The values for FcTMAY
and FcTMA®* were derived from D; =6.0 x 10° cm? 5™ giving 4;=22.5 S cm” mol™ in each case (see

supporting information section S2 for further details).?

The simulation assumes that the applied electric field is uniform across faces A and B (Figure 1 (b)),
which is reasonable due to the large area of the faces compared to the cross-sectional area of the end of
the pipet and the distance from the substrate surface to the end of the pipet. For the purpose of the simu-
lation, it was convenient to set the potential, E, at face A of the capillary to 0 V (equation (3)), while
face B was set to a theoretical bias potential of E; (equation (4)). Note that this potential difference is
less than that applied experimentally, Ey,, due to the finite resistances, R; and R, (Figure 1 (a)), in the
remainder of the pipet shaft. Faces A and B are each governed by an inflow boundary condition as de-
scribed by equation (5) representing the movement of ions into and out of the simulated domain. Under
typical experimental conditions evaporation from the meniscus is prevented by a humidity cell, hence
the meniscus walls are simulated as no flux boundaries (equations (6) and (7)). The remaining faces of
the pipet are also subject to boundary conditions which stipulate no normal flux of species across the
boundary and no normal change in the electric field, described with equation (6) and equation (7), re-

spectively,

Face A: (3)



Face B: 4)

Bulk solution: 5)
No normal flux/Symmetry: (6)
No normal flux/Symmetry: (7)

where n is the unit normal vector, N; is the flux vector of species j, and N"is the potential field vector.

The subscript ‘init’ signifies an initial condition (i.e. t = 0).

Extension to SECCM Voltammetry

The simulation was extended to include an electrochemical reaction on the substrate working elec-
trode. We considered the one-electron oxidation of FCTMA* to FeTMA** (equation (8)) as both a re-

versible (Nernstian) process and with Butler-Volmer kinetics.

FCTMA® == FcTMA™ + ¢ (8)

s

For the model developed, the double layer was sufficiently small (.1 nm) compared to the liquid me-

niscus height (my, in Figure 1 (a)) that the working electrode potential does not perturb the electric field
within the meniscus. This is a reasonable assumptionzs’24 for the conditions used herein. Further details

on the boundary conditions for these simulations are given in the supporting information (S2).

Results and Discussion

Migration within the SECCM Probe

10



It is instructive to first consider the steady electric field and migration of species within the theta pipet
with no reaction occurring at the working electrode. Figure 2 (a) shows the potential field for a bias of
0.5 V between faces A and B, for a pipet of r, = 0.5 um, § = 7°, and m;, = 0.4 um. For simplicity and
illustrative purposes we assume the solution between the tip and surface to have a cylindrical geometry,
which is reasonable based on the data in supporting information (Figure S1) and previous work.'*%
The largest change in the potential field is observed within a few micrometers of the pipet tip, and it is
evident that the approximation of uniform potential fields applied across faces A and B (Figure 1 (b)) is
reasonable because, for most of the pipet, the field is uniform across the width of a barrel. The potential
gradient experienced at the end of the tip is due to the resistance at the pipet tip being significantly larg-
er than the resistance further up the barrels, due to the decrease of the cross-sectional area at the end of

the pipet. Note that the substrate experiences a uniform potential of E+(Ep/2), the mid-point of the po-

tential applied to the QRCE:s.
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Figure 2. (a) Simulation of the electric field within a pipet of r, = 0.5 pm, 6 = 7° and my = 0.4 pm, with
Er = 0.5 V. Plots demonstrating the dependence of migration current on bias potential (b), pipet radius
(c), meniscus contact radius (d) and semi-angle (e). In all cases the solution contained 1 mM KCI and

values for all parameters (unless a variable) are as defined for (a) and in the text.
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Simulations to determine the dependence of the migration current on the bias potential, tip radius, me-
niscus contact radius, and the semi-angle were carried out for tips containing 1 mM KClI, as an illustra-
tive case. Figure 2 (b)-(e) summarizes data for a typical SECCM pipet geometry with Ex =05V, r, =
0.5 um, my = 0.4 um, 6 = 7° unless one of these parameters is the variable. Figure 2 (b) shows that
there is a linear (ohmic) relationship between the bias potential and the migration current. Simulations
for pipets with a range of radii from 0.35 — 0.6 um (Figure 2 (c)) show that, as the tip radius decreases,
the migration current decreases, due to a reduction in the cross-sectional area of the pipet and the con-
current increase in the overall resistance. Interestingly, the migration current has a close to linear de-

pendence on the radius of the pipet (Figure 2 (c)) as seen for diffusion/migration to a micro disc.*

To investigate meniscus contact effects, the meniscus geometry was approximated to have a linear lig-
uid/air interface (for simplicity and computational ease) and simulations were performed with a (typical)
tip-substrate separation of 0.4 um and 1 pm overall tip inner diameter (2r,). In Figure 2 (d) the migra-
tion current is plotted as a function of the meniscus contact radius, showing a change in the migration
current of less than 5% for a contact diameter of 0.5 — 1.5 pm with a diameter of 1-1.5 um showing
barely any change. This behavior is because the region of the liquid in the contacting droplet close to
the tip end has the greatest influence on the resistance (Figure 2 (a)). These results thus confirm that ap-
proximating the meniscus to a cylinder for electric field calculations and ion conductance measurements

is reasonable for the typical tip heights encounterd in SECCM.

Figure 2 (e) shows a dramatic increase of resistance (decrease in migration current) as the semi-angle
decreases, emphasizing that this parameter needs to be measured accurately for the quantitative deploy-
ment of SECCM. In summary, Figures 2 (c) — (e) show that the migration current at a typical
tip/substrate seperation of 0.4 um is dominated by the pipet tip radius and the semi-angle, which are

physical parameters that are easily by measured by FE-SEM.
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SECCM Approach Curves

Figure 3 (a) shows the simulated effect of the tip-substrate separation on the barrel ion-conductance
current for a pipet of r, = 0.5 ym, 6 = 70, Er=0.092 V filled with 50 mM KCI. These parameters were
consistent with the pipet dimensions used for the experimental data in Figure 3 (b). Er was determined
by matching the simulated ion conductance current, i;., to the experimental barrel current, i, to take ac-
count of the potential drop from the QRCEs to Faces A and B due to R; and R,. The liquid contact was
considered to be a cylinder with a radius the same size as the pipet. As the height of the pipet above the
substrate decreases, the current between the barrels decreases due to the increasing resistance within the
meniscus, but - consistent with the data in Figure 2 (a) and for SICM*’ - this effect is only significant at

very small pipet-substrate separations (below ca. 0.5rp).

Experimentally, the pipet is typically oscillated on approach to a substrate,'***

providing an alternat-
ing current signal (iac) and an average direct current signal (ipc). These current can be predicted from
the simulated ion-conductance (ii.) approach curve. As shown in Figure 3 (a) the ion-conductance cur-
rent (i) at height z + 0, 1s ip and at z - 0, 18 i, SO ipc = (ip+im)/2, and the peak-to-peak ac amplitude, iac
=Ip - im. Clearly for a small oscillation amplitude, ipc is close in magnitude to ijc.

Figure 3 (b) shows typical experimental approach curves of ipc and isc recorded as an SECCM pipet
(rp=05um, 6= 7, Ey = 0.5V filled with 50 mM KCl and oscillated at a frequency of 100 Hz and an
amplitude of 100 nm peak to peak) was lowered from air towards a borosilicate surface, with which it
made contact, and the approach was continued to determine how the values of ixc and ipc changed as
the meniscus height was compressed. The experimental data confirm the simulations. When the pipet
is at a height of 0.5r,, or greater from the surface, ipc tends to a maximum value. As the pipet is ap-
proached to less than 0.25 um (ca. 0.5rp,) above the substrate, the barrel current decreases significantly

and the corresponding ac component increases for decreasing tip to substrate seperations. The experi-

mental and simulated data for both ipc and iac as a function of pipet height in Figure 3 (b), illustrate that

13



the separation between the pipet and the substrate surface can be accurately characterized by these types

of approach curves, which can be stopped at a desired value of ipc and/or iac.
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Figure 3. (a) Simulated approach curve of i;. vs my for a non-oscillating SECCM pipet with r, = 0.5 pm,
6 =17°E; =0.092V filled with 50 mM KCI. Inset defines parameters to predict the response for an oscil-
lating pipet; see text for a detailed description. (b) Comparison of experimental iac and ipc approach

curves and corresponding simulations for a pipet with r, = 0.5 pm 6 = 7° filled with 50 mM KCI oscil-

lating in the z direction at 100 Hz and 100 nm peak to peak amplitude.

Surface Electrochemistry in SECCM

We now turn to the case where the substrate is a working electrode and voltammetric measurements
are made using SECCM. For illustrative purposes, a pipet with r, = 0.5 pm, m;, = 0.4 um, containing 2
mM FcTMA™ and 5 mM KCl, with three E; values of 0 V, 0.1 V, and 0.4 V, was simulated. We first fo-
cus on the limiting current response, iwg, 1im- 1The impact of the meniscus contact area, m,, on the work-
ing electrode response for a pipet with @ =7  is shown in Figure 4 (a). In general, the working electrode
current increases as the substrate area increases. However, the change in current is greatest for menis-

cus contact diameters less than the pipet diameter and is seen most for high bias between the 2 QRCEs.

14



This is because the bias potential between the QRCEs serves to drive the charged redox species (in this
case) towards the working electrode surface so that the concentration gradient becomes compressed
within the very end of the tip and meniscus, where the influence of the potential field is strongest (see
Figure 2 (a) for example). For neutral redox-active species or when there is no applied bias (0 V in Fig-
ure 4 (a)) mass transport in SECCM is by diffusion only and thus similar to SMCM, discussed in detail
previously.12 It follows from the data in Figure 4 (a) that one can use the limiting current response for a
redox reaction to provide additional insight on the pipet and meniscus geometry, particularly if one can

record tip approach curve measurements.

The effect of changing the semi-angle of the pipet has a much more dramatic effect on the limiting
current, as shown in Figure 4 (b), mirroring the behavior for the conductance current (Figure 2 (e)). As
the semi-angle increases there is an increased radial contribution to mass transport, increasing the limit-

ing current.

The effect of meniscus height, m;,, on the working electrode limiting current response is shown in Fig-
ure 4 (c). For heights greater than ca. 0.5r,, the working electrode limiting-current increases as the
height decreases, because of the increasing effect of the electric field between the 2 barrels (vide supra).
However, for 0<m,;,<0.2r,, the current decreases as the height decreases, because in this region there is a
dramatic decrease in migration current with height (see for example Figure 3 (a)), and this has a signifi-
cant impact on the overall mass transport to the substrate surface. There is a transition between these

limiting characteristics for the region 0.2r,<m;<0.5r,.

Figure 4 (d) shows full voltammograms for different concentrations of supporting electrolyte concen-
tration. The limiting current decreases as the supporting electrolyte concentration increases for the sim-
ulated case of FcTMA™ being oxidized to FcTMA™, because the product with z = 2+, generated at the
working electrode, has an increasingly negligible influence on the local electric field. It should be noted
that the absolute effect of the supporting electrolyte concentration on the working electrode response is

minimal.
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Figure 4. FEM data showing the dependence of the working electrode limiting current on the menis-
cus contact diameter (a) and the semiangle (b) for a SECCM probe with r, = 0.5 um, my = 0.4 pm, con-
taining 2 mM FcTMA™ and 5 mM KCIl. The bias, Ey, considered is marked on (a) and for (b) Er=0.1 V.
(c) The dependence of the working electrode limiting current response on the tip/substrate separation,
my. (d) The effect of the supporting electrolyte concentration (as marked) on the voltammetric response,

with all parameters as in Figure (c) and my, = 0.4 pm.

For experimental measurements a probe of r, = 0.6 pm and 0 = 8.5 containing 2 mM FcTMA™ and 50
mM KCI was employed. The tip-substrate separation was determined to be 0.15 um from the direct and

alternating current response (vide supra). The fraction of the applied experimental potential difference
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at faces A and B (in this case 0.44) was determined by matching the simulated barrel current, i, to the
experimental barrel current, i, for a potential difference of 0.2 V applied between the QRCEs. Figures
5 (a) and (b) show that there is excellent agreement between the experimental (i,) and FEM ion con-

ductance current (ij.) response over the applied bias range of 0.1 — 0.5 V. A linear (ohmic) response of

the migration current to bias potential (£},) was observed.
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Figure 5. Simultaneously recorded ion conductance currents (a,b) and the working electrode response
(c,d) during CV measurements (v = 100 mV s"l) for the FecTMA™** couple at HOPG. The currents be-
tween barrels (experimentally i, and simulated i;. (a,b)) and the working electrode response (iwg and
iwg, 1im) Were recorded as a function of E; for different values of E}, between 0 V and 0.5 V (marked on
(a) and (c)). The probe was defined by rp, = 0.6 um and 6 = 8.5° m;, = 0.15 pum filled with 2 mM FcT-
MA" and 50 mM KCI. Plot (e) is a magnified view of the current between barrels, iy, at bias 0.5 V
(from plot (a)), where a change in iy is observed. The change in i;. during voltammetric sweeps is plot-
ted as a function of the bias potential for experimental and simulated data sets (f). Experimental data

(colored circles) and simulated data (star) are plotted for (b), (d) and (f).

Figures 5 (c) and (d) show experimental cyclic voltammetry and steady-state currents for Ey in the
range 0 V to 0.5 V with the corresponding FEM modeling data, measured simultaneously with the ion
conductance responses. It can be seen that the working electrode current increases with increasing pipet
bias potential and that there is less hysteresis between the forward and reverse voltammetry responses as
E, increases. This is because increasing E, serves to increase the migration of FcTMA™ towards the
working electrode surface as a consequence of the larger potential gradient experienced by the charged
species, thereby enhancing mass transport. When no bias is applied between the QRCEs, E, = 0 V, mass
transport to the working electrode is purely by diffusion and one sees a clear hysteresis between the
forward and reverse scan, which is evidently characterized by non-steady-state diffusion for most of the
voltammogram. Here, an experimental potential difference of 0.5 V between the QRCEs provides a 3-
fold enhancement of the mass transport-limited current, highlighting that both migration and diffusion
within the pipet contribute significantly to the working electrode response. Thus, one can change the
potential between the two QRCEs to vary and control mass transport of charged species, and so investi-

gating the importance of mass transport in an electrochemical process with one pipet. A further interest-
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ing consequence of the theta pipet geometry is that mass transport can be directional and asymmetric
with respect to the 2 barrels as outlined in detail in the supporting information S3. Figures 5 (c) and (d)
indicate good agreement between the experimental and simulated data for the working electrode limit-

ing currents over the entire range of bias potentials.

Figure 5 (e) shows that there is a subtle change in i, for the experimental data during a CV measure-
ment. Note that the raw data, as presented in (e), is overwhelmingly due to ion conductance, but also
has a very minor contribution from the counter electrode reaction (at the most driving QRCE) to the
working electrode process, which can reliably be accounted for. Thus, the change in the ion-
conductance current during a CV can be derived from the experimental i, and iwg responses and com-
pared to the simulated change in i;. as in Figure 5 (f), which shows that the trend in the simulated data

and experimental data are in good agreement.

The process considered here was found to be reversible, consistent with experiments® and simulations
presented in the supporting information. The range of kinetics that can be reached with a singly charged
species and micron scale pipet tip is estimated to be ca. 0.1-1 cm s™, as shown in section S3 of the sup-

porting information.

Conclusions

In this paper we have shown that mass transport and surface kinetics in SECCM can be described
quantitatively by FEM modeling. This treatment provides a foundation for the future use of this tech-
nique for kinetic measurements at a range of interfaces and in high resolution voltammetric imaging.
Notably, the simulations have provided insights into the relative contribution of diffusion and migration
in the SECCM configuration. The simulations highlight the importance of knowing the pipet geometry
(particularly tip radius and semi-angle) with high precision for the quantitative analysis of data. These
dimensions can be readily obtained by FE-SEM measurements. The geometry of solution between the

tip and the surface has relatively little influence on both the migration current and mass transport to the
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substrate, but the influence of this region increases with increasing pipet bias voltage for the working
electrode response for a charged redox-active molecule. We have shown how the meniscus dimensions,
particularly the height, can be determined by tip approach measurements coupled with FEM, providing
a means of accurately characterizing SECCM systems. The meniscus radius has less influence on the
SECCM response unless the wetting of the substrate is very poor. We have shown through imaging ex-
periments (see supporting information Figure S1) that a good rule of thumb is that the meniscus wets
surfaces encountered hitherto with a dimension similar to the pipet. In the future, techniques such as
surface capacitance might be useful for the elucidation of active surface areas, but as the capacitances

will be very small, it may be challenging to avoid the influence of stray capacitance.

For pipets of the order of 1 um diameter, as considered herein, SECCM has the capability to probe
heterogeneous electron transfer processes with standard rate constants up to the range 0.1-1 cm s Fur-
ther decreases in probe size and the use of high applied bias potentials will serve to increase this value.

Work is in progress to implement much smaller probes.

The ability to measure both the working electrode and conductance currents simultaneously has been
demonstrated and we expect this could be very useful in the future in the study of the ingress and egress
of ions in electrochemical processes, e.g. of polymer-modified (conducting, redox active) electrodes or
of other solid-state electrode processes where coupled ion transfer is important. These properties, com-
bined with the ability to accurately scan a surface and to locate the pipet precisely over an area of inter-
est,"” make SECCM a powerful new technique for surface and micro/nano-scale electrochemical inves-

tigations.
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