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Abstract

Scanning electrochemical microscopy (SECM) operating as a variable gap ultra-thin layer twin-
working electrode cell, has long been recognised as a powerful technique for investigating fast
kinetics (heterogeneous electron transfer and homogeneous reactions coupled to electron transfer)
as a consequence of high mass transport rates between the working electrodes when biased to
promote redox shuttling. Recently, SECM has advanced technically and nanogap cells with
dimensions on the 10’s nm scale have been reported. In this paper, we consider double layer effects

on voltammetric measurements in this configuration, outlining a comprehensive model that solves
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the Nernst-Planck equation and Poisson equation with charged interfaces. For supporting
electrolyte concentrations that have been used for such measurements (50 mM and 100 mM), it is
shown that for typical electrode charges and charge on the glass insulator that encases the
ultramicroelectrode (UME) tip used in SECM, there are profound effects on the voltammetric
wave-shapes for redox reactions of charged redox couples, in the common modes used to study
electron transfer kinetics, namely the tip-voltammetry (feedback mode) and substrate-voltammetry
(substrate-generation/tip-collection and competition modes). Using the reduction and oxidation of
a singly charged redox species to a neutral and doubly charged species, respectively, as exemplar
systems, it is shown that the charge on the electrodes can greatly distort the voltammetric wave-
shape, while charge on the glass that surrounds the UME tip can affect the limiting current. This
means that the analysis of SECM voltammograms using methods that do not account for double
layer effects will result in significant error in the k° values derived and tip-substrate distances that
have to be estimated from limiting currents in SECM. The model herein provides a framework that
could be developed for further studies with nanogap-SECM (e.g. consideration of other models
for the electrical double layer, other supporting electrolyte concentrations, potential of zero charge
on the electrodes and charges on the redox couples). The model results presented are shown to
qualitatively match to SECM voltammetric features from experimental data in the literature, and
are further supported by experimental data for redox processes of tetrathiafulvalene (TTF), namely

the TTF/TTF*" and TTF*"/ TTF?" redox couples. This serves to demonstrate the immediate



practical application of some of the ideas presented herein. For future applications of SECM, the

use of different supporting electrolyte concentrations and a range of tip-substrate separations may

allow the determination of both electron transfer kinetics and double layer properties.
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Highlights

e Charged interfaces perturb the local ion concentrations and mass transport in the nanogap-
SECM configuration with dual working electrodes.

e Charged interfaces greatly modify the voltammetric response for charged redox couples in
SECM.

e Surface charge at both working electrodes, and the glass or quartz encapsulating the SECM
tip, needs to be taken into account for a robust analysis of SECM voltammetric data.

e The model framework presented will aid the development of more robust methods to
analyse kinetics, double layer effects, mass transport and tip-substrate separations in
SECM, especially in a nanogap configuration.



1. Introduction

The electrical double layer (EDL) has a pivotal role in electrochemistry and interfacial science and
was an area to which Roger Parsons made seminal contributions [1]. Since the initial description
of the EDL by Helmholtz [2], many modifications have been proposed including the key early
contributions of Gouy-Chapman [3] and Stern [4], resulting in models that have remained popular
to this day [1]. In the Gouy-Chapman model, the surface charge is compensated by a diffuse layer
of ions in solution and the decay of the electric potential away from the interface is characterised
by the Debye length, typically scaling with the inverse square root of the solution ionic strength
[5,6]. Note that the Debye length represents the distance over which the electric potential decays
to a factor of 1/e of the potential difference between the interface and bulk solution, and does not
cover the full dimension of the double layer. Consequently, surface charge effects can be seen at
greater distances than the Debye length. The EDL is increasingly recognised to have significant
impact on nanoscale electrochemical systems, for which the characteristic diffusion layer size, for
a redox reaction involving solutes, approaches that of the EDL [7—20]. The purpose of this paper
is to consider the impact of surface charge on scanning electrochemical microscopy (SECM)
measurements when configured to create a dual-working electrode thin layer electrochemical cell

for kinetic measurements.



SECM has found considerable use in characterising fast heterogeneous electron transfer
[21-24], homogeneous (solution) Kinetics [25-27], detecting adsorbed species [28-30] and
measuring lateral charge transfer [31-35], amongst a wide range of applications. In many of these
studies, the gap between the tip and substrate has usually been at the micron or larger scale and,
with the excess supporting electrolyte concentrations used, EDL effects are negligible, because the
EDL size is very small compared to the gap size (which defines the concentration boundary layer
between the two working electrodes). However, recent technical advances have enabled SECM
gaps as small as a few 10’s of nm to be realised between a parallel dual-working electrode
arrangement (so-called “nanogap-SECM”) [36,37], which provides ultrafast diffusion rates of
redox species between the two working electrodes as seen in other nanogap devices [15,38,39]. In
principle, this is highly advantageous for the study of fast kinetics, but the high surface area to
solution volume ratio of such devices magnifies certain physicochemical effects, including
adsorption [30,40] and, as we show herein, EDL phenomena. EDL effects have been explored very
recently for dual-electrode nanogap devices [15,16], and for SECM [17] but in the latter case with
the focus on the active part of the tip and substrate electrodes and for the highly charged Fe(CN)s*
"3-couple. These studies highlight that the voltammetric wave-shape recorded at the dual-electrodes
can be significantly modified by EDL properties, with the effect being most noticeable (as
expected) at low electrolyte concentration and/or small gap size where the EDL size is non-

negligible. However, EDL effects are still seen at ionic strengths that are more typically used in



voltammetry (e.g. 0.1 to 1.0 M 1:1 electrolyte concentration in both aqueous solution [16,17] and

acetonitrile [15]).

The UME tip electrode in SECM is encased in an insulating sheath that is often fabricated
from glass or quartz and has traditionally been considered to be ‘inert’ [41]. However, in a recent
paper [30], we have demonstrated that the glass sheath can influence transient mass transport
during SECM measurements [30]. Given the strong ion current rectification (ICR) effects that are
seen in glass and quartz nanopipettes [42—-45] of characteristic dimensions similar to, and larger,
than the gap size in nanogap-SECM, and that surface induced ion current rectification (SIR)
phenomena are seen in scanning ion conductance microscopy (SICM) studies of charged interfaces
[46-50], at ionic strengths similar to those used in typical SECM voltammetric measurements, it
is essential to investigate surface charge and EDL effects from the glass sheath of the SECM tip,
as well as from the electrodes. Primarily through modelling, but also with some experiments, we
demonstrate that EDL effects in nanogap-SECM are very significant and need to be accounted for
when analysing SECM data from a variety of different modes, e.g. the tip-voltammetry [21,22]
and substrate-voltammetry [23,30] modes. We also point out instances in the literature where
features arising from the models outlined herein are clearly evident in experimental voltammetric

data, but have either been ignored or interpreted in terms of other phenomena.



2. Theory and Simulations

COMSOL Multiphysics 5.2a (COMSOL, Stockholm, Sweden) finite-element method modelling
software was used to describe the time-dependent mass transport problem in a 2D-axisymmetric

cylindrical SECM configuration shown in Figure 1.
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Figure 1. Schematic of the 2D-axisymetric SECM simulation domain (not to scale),
with labelled boundaries 1a and 1b (red) being the substrate and tip electrode surfaces,
respectively, label 2 (blue) represents the glass surface that encapsulates the UME tip,

label 3 (purple) is the bulk solution, label 4 (black) is a no-flux boundary and label 5
(green) is the axis of symmetry.

For this purpose, the Nernst-Plank equation was solved to describe the mass transport of

all species in solution:

0 i F
6_Ct =V. (DiVCl- + Zi EDicl-Vq.’)) (1)

and the Poisson equation described the electrical potential, ¢:



Vi = fjozzici )

where ci, Di and z; denote the concentration, diffusion coefficient and charge of species i in
solution, respectively. ¢ is the solvent dielectric constant (38 for acetonitrile, 78 for water) and &o
is the vacuum permittivity (8.85 x 102 F m™?). F, R and T are the Faraday constant (96485 C mol-

1, gas constant (8.31 J mol™? K1) and absolute temperature (298 K), respectively.

We first consider TTF, which undergoes two sequential single electron oxidation processes

in acetonitrile media [51], as an exemplar, for which we also report experimental data (vide infra):

TTFEEHE TTF*H L TTF* ©)

red 1 red 2

where kox and kred are the first-order heterogeneous oxidation and reduction rate constants,
respectively. Subscripts 1 and 2 refer to the TTF/TTF*" and TTF**/TTF?* redox processes,

respectively.

Both the TTF/TTF*" and TTF**/TTF2* redox processes are studied in the tip-voltammetry
mode of SECM. This follows from a previously reported total shielding approach [25,52] where a
large substrate electrode was held at a potential, Esu, (Eog/prpet < Esub < Epppes sprpz+)- This

creates a quasi-steady-state diffusion layer of TTF** extending from the substrate electrode surface
and shields the UME tip, which is placed close to the substrate surface, from the bulk TTF solution.

TTF*" reduction to TTF, on the one hand, and oxidation to TTF?*, on the other, at the UME tip

10



can thus be investigated from the gap solution essentially free from the influence of the
comproportionation reaction, between TTF (from bulk solution) and TTF?* (tip-generated) species
[25,52]. In this way, TTF*" reduction and oxidation reactions, under the same (mass transport)
conditions [53], would be expected to yield equal but opposite limiting currents if diffusional mass
transport alone were operating. The electrolyte solution (acetonitrile) also contains a supporting

electrolyte comprising of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs).

The first-order heterogeneous oxidation and reduction rate constants are described by the
Butler-Volmer relationship, but with the plane of electron transfer (PET) taken to be the Outer
Helmholtz Plane, located 0.6 nm from the actual electrode surface, as considered in recent work

from other groups [15-17]. The flux at the substrate PET (Figure 1, Label 1a) is described by:

F ! F !
Jone = —k0cpppel AmrREsw=9=ED )| | por L olGanzz(Bn-¢-D)] (4a)

F ! F !
Jorpor = kQcrmpes el A= rr(Bso=d=82 )| _ po. ol (Bun-¢-£2))] (4b)
Jrre+ = —Jr1F — JrTR2t (4c)
Jreat = Jpr,- =0 (4d)
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where kY%, ai and E°’; refer to the standard electron transfer rate constant, transfer coefficient and

formal potential, respectively, E,, —¢ refers to the potential drop across the Helmholtz layer at

the substrate electrode. Similarly, the flux to the UME tip PET (Figure 1, Label 1b) is given by:

F ! F l;
Jorp = _k?CTTFe[(1—a1)ﬁ(EUME—¢—Ef )] + ki)CTTF"fe[(_QI)E(EUME_(I)_E? )] (5a)

Joppa+ = kgCTTF_Jre[(1—az)R—I;~(EUME—¢—E§) )] _ kScTTFHe[(_“2)%(E”ME_¢_E§ )] (5b)
Jrree+ = —Jrr — JrTR2+ (5¢)
Jreat = Jer,- =0 (5d)

where Eume(t) refers to the time-dependent potential applied to the UME tip given by:

0 <t< tS: EUME(t) = Einit + vt (6a)

ts <t< ZtS: EUME(t) = Einit + ths — vt (6b)

where Einit is the initial potential applied to the electrode, v is the potential scan rate and ts is the

time taken to complete a potential sweep in one direction. Note that for this problem, for illustrative

purposes, we considered the standard rate constant for a particular couple to be the same at the two

electrodes, but setting different rate constants would be trivial.

12



The potential drop across the Helmholtz layer at both the substrate electrode (Figure 1,

Label 1a) and UME tip (Figure 1, Label 1b) surface results in surface charge density, p, given by

[15,16]:
Psup = (Esu = ¢) - (7
and
pume = (Eymp — @) 2 8

dyy,

where enL = 6 is a reasonable dielectric constant of the Helmholtz layer [15] in acetonitrile. We

briefly consider the effect of a larger value of en. = 10 below.

The charge on the glass surface encasing the UME tip electrode (Figure 1, Label 2) is also

considered in this work and is given by p = p;, where pc is the surface charge density of

borosilicate glass in acetonitrile measured experimentally (vide infra).

Other initial and boundary conditions shown in Figure 1 are as follows:

Label 3 (Bulk solution) crtr =1.0 MM, cpppe+ = cpppz+ = 0.0mM, cp=cn=0.1M, ¢ =0.0 V. As

pointed out in other work [15], there is some variability in values reported for the PZC of platinum

electrodes, and a sparsity of data for acetonitrile solution. However, careful studies of the effect of

PZC on voltammetry in a nanogap cell have shown that the resulting features in simulated

voltammograms are qualitatively similar for a range of different PZC values [15]. It is reasonable

13



to assume that the Ag quasi-reference electrode (QRE) used experimentally herein is similar to the
Ag/AgCl reference scale [54], especially as we are dealing with relatively large potentials relative
to the PZC. Consequently, the potential of zero charge (PZC) of the electrodes was set to be 0.0

V for all simulations considered herein, as for other work in acetonitrile solution [15].

Label 4 (Insulating boundaries): Jrrg = Jrree+ = Jrrez+ = Jrpa+t = Jprz = 0,p =0.

Label 5: Axis of symmetry

The current is calculated from the following:

i = 2nF [(2Jrrg + Jpppe+)rdr 9)

A list of parameters used is given in Table S-1 (SI, Section S-1).

Through the use of simulations only, we also consider the implications of the electrode and
glass surface charge on the paired voltammetric response of substrate-voltammetry SECM in
typical nanogap geometries in aqueous solution. Simulation details for this part of the work are
similar to those above, except that the standard rate constant of the redox couple at the tip and
substrate was allowed to be different. The model is reported in the SI, Section S-2, with the results

reported herein.
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3. Experimental Methods

3.1 Chemicals

TTF and TBAPFs were purchased from Sigma-Aldrich and used without further purification.
Acetonitrile (Fisher, HPLC grade) was dried using 3 A molecular sieves prior to use. The
concentration of TTF solutions for all experiments was 1.0 mM in acetonitrile with 0.1 M TBAPFe

as the supporting electrolyte.

3.2 Electrode Materials

A Pt disk macroelectrode of 2.0 mm-diameter was obtained from CH Instruments, Inc and served
as the substrate working electrode. The tip working electrode was a Pt disk UME that was
fabricated in-house using an established procedure [55], involving heat sealing a 2.0 um-diameter
Wollaston Wire (Goodfellow, Huntington, UK), with the Ag layer removed from the end section
[55], in a borosilicate glass capillary under vacuum. The end of the UME was polished conically
and flat to obtain an RG value (ratio of radius of the encapsulating glass- from the electrode centre-
to that of the active disk electrode) of ca. 10. Before use, both electrodes were polished with
alumina (50 nm) on a soft microfibre polishing pad (MicroCloth, Buehler Ltd.) followed by a clean
wet microfiber pad, and then dried to produce the finished electrode surface. Ag and Pt wires
served as the QRE and counter electrode, respectively. The potential of the Ag QRE was stable on
the timescale of the voltammetric measurements.

15



3.3 Nanopipettes and nanopipette voltammetry

Borosilicate glass single barrel capillaries (0.d. 1.2 mm, i.d. 0.69 mm, Harvard Apparatus) were
pulled using a laser puller (P-2000, Sutter Instruments) with the following pulling parameters: (line
1) — Heat 330, Fil 3, Vel 30, Del 220 and Pul 0; (line 2) — Heat 330, Fil 3, Vel 40, Del 220, Pul
120. Dimensions of the individual nanopipettes used in the experiments were measured using
scanning electron microscopy and were ca. 200 nm in diameter at the end. The instrumentation
used for nanopipette voltammetry has been previously reported [44,47-49]. The current was
measured using a custom current-to-voltage converter, while data recording and potential output
control was performed using a custom written LabVIEW (2013, National Instruments) program

through an FPGA card.

The nanopipettes were filled and bathed in acetonitrile containing 1.0 mM TBAPFs
electrolyte, the low concentration accentuating charge effects and hence giving the most accurate
estimation for the glass surface charge. An Ag quasi-reference-counter electrode (QRCE) was
inserted into the back of the nanopipette and a second similar QRCE was placed in the bulk
solution. The potential applied to the QRCE inserted into the nanopipette was swept from -0.5 V
to 0.5 V with respect to the QRCE in bulk at a scan rate of 50 mV s and the current was recorded

at the QRCE in the bulk solution.
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3.4 SECM Instrumentation

An intermittent-contact SECM setup was used for tip-voltammetry SECM measurements as
previously reported [56]. Briefly, a home-built SECM was mounted onto a vibration-isolation table
inside a Faraday cage. The UME was attached to a piezo bender actuator to which an oscillation
of 70 Hz with an amplitude of 50 nm (~5 % of the UME active electrode size) was applied. This
was, in turn, mounted onto a 3D-piezoelectric positioner controlled by a PC running custom
LabVIEW code (LabVIEW 9.0, National Instruments), which was also used for data acquisition.
To set the tip-substrate distance, the tip was approached to the substrate electrode (0.05 um s™)
and tip-substrate intermittent-contact was detected by the damping (~ 5 %) of the tip oscillation
amplitude, at which point the tip ceased to move. The z-position oscillation was switched off and
the tip was retracted by a defined distance of interest to set the gap size, which was determined

precisely via limiting current measurements using a procedure described herein.

4. Results and Discussion

4.1 Nanopipette voltammetry in acetonitrile media

Nanopipette voltammetry was used to quantify the surface charge density of borosilicate glass
pipette walls by determining the ICR effect, whereby a bias applied between the QRCE in the
nanopipette and a second QRCE located in the bulk solution, scanned linearly with time, produces

a non-ohmic current response. The extent of rectification is highly sensitive to the surface charge
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present on the internal walls of the nanopipette and the nanopipette dimensions [44,57]. ICR arises
due to a combination of a permselective region that is formed at the end of the nanopipette, as a
result of the wall charge, coupled with an asymmetry of mass transport of ions inside
(predominantly linear migration) and outside (spherical transport) of the nanopipette domain
[42,44,45,47,50,57,58]. When the EDL is non-negligible compared to the tip opening size, the
charged nanopipette exhibits selectivity toward the counterions of the EDL. Thus, for example, for
a positively charged nanopipette, when a positive bias is applied to the nanopipette electrode, with
respect to bulk, anions will accumulate inside the tip of the nanopipette (with cation charge
balance). This results in a higher conductance state inside the nanopipette and an enhanced ionic
current is seen. Alternatively, with a negative bias applied, a depletion zone forms at the
nanopipette end as anions tend to move away from the pipette opening faster than transport inside
the pipette, resulting in a lower conductance state [45,47,49,50,57,58]. For a negatively charged
nanopipette (as typical in nanopipette and SICM aqueous conditions) [58], this phenomenon

occurs with the opposite electrode polarity, with the nanopipette end having selectivity for cations.

Figure 2 shows the experimental current-voltage (black line) characteristic for a 200 nm-
diameter borosilicate glass nanopipette in an acetonitrile solution containing 1.0 mM TBAPFe
electrolyte. Following the arguments outlined above, the enhancement of ionic current at positive
tip potentials compared to negative tip potentials is indicative of positively charged nanopipette

walls.
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FEM simulations were used to analyse and quantify the nanopipette voltammogram using
a previously reported model [44] for nanopipette surface charge characterisation (see Sl, Section
S-3 for details). Geometrical parameters obtained from TEM images of the nanopipette were used.
The experimental curve shows good agreement with a simulated surface charge density of +10 mC
m2 (Figure 2). This result is consistent with previously reported ICR studies at quartz nanopipettes
in various organic media which also described the effect of tip size, electrolyte concentration and

water content on the response [59].
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Figure 2. Current-potential characteristic for a 200 nm-diameter borosilicate
nanopipette at low ionic strength (1.0 mM TBAPFs) in acetonitrile solution showing ion
current rectification. The simulated current-potential responses for a range of surface
charge densities applied to the nanopipette walls are also shown (see inset key). The

simulation with a surface charge density of +10 mC m-2 shows a good match to the
experimental response.

At higher electrolyte concentrations (e.g. 100 mM), the size of the EDL is negligible

compared to the nanopipette opening size, resulting in minimal ICR effects as shown in Supporting
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Information (SI), Figure S-3. For the SECM experimental conditions considered here (100 mM
supporting electrolyte concentration and ca. 300 nm tip-substrate separation), EDL effects at the
glass sheath of the tip are thus unlikely to perturb the local concentration in the nanogap and to
distort the voltammetric response (further considered in Sl, Section S-4). However, the measured
surface charge density of +10 mC m on borosilicate glass in acetonitrile solutions was included
in the development of a holistic SECM model for surface charge effects (vide supra) and in the
results in the following section (Section 4.2). Surface charge on the UME glass is further
considered in Section 4.3 for a typical nanogap-SECM configuration, where it is shown to be

important.

4.2 Tip-voltammetry (total-shielding) SECM experiments and simulations

Tip-voltammetry SECM was employed for TTF*" reduction to TTF and TTF** oxidation
to TTF?* in acetonitrile containing 1 mM TTF in bulk and 0.1 M TBAPF as supporting electrolyte.
A typical set of voltammograms at 3 different tip-substrate separations is shown in Figure 3. The
distances were determined from the positive feedback limiting current (SI, Section S-4) [60], and
the tip currents were normalised with respect to the steady-state diffusion-limited tip current for
the oxidation of TTF to TTF*" in the bulk solution. The large substrate electrode was held at a
fixed potential, Esub, 0f 0.55 V vs Ag QRE to generate a quasi-steady-state diffusion layer of TTF**
at the substrate electrode surface from the bulk TTF solution. The UME tip (radius, a = 1.0 um)

was positioned at a known fixed distance from the Pt substrate surface and its potential, Eume, was
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swept from 0.1 V to 1.0 V at a sweep rate of 50 mV s 1. At Eume << 0.55 V, the tip reduced TTF**
to TTF, giving a cathodic current response while at Eume >>0.55 V, the tip oxidised TTF*" to
TTF?*, giving an anodic current response. As the UME tip was close to the substrate surface, it
was essentially completely shielded from the bulk TTF solution. Hence, the homogeneous
comproportionation reaction between tip-generated TTF?* and bulk TTF does not occur to any

significant extent in this configuration [25,52].

The voltammograms for both the reduction of TTF*"to TTF and the oxidation of TTF*" to
TTF2* show increasing limiting current at decreasing tip-substrate separations due to enhanced
redox cycling (akin to positive feedback) [61]. Under steady-state diffusional mass transport limits,
the reductive and oxidative limiting currents (iiimred and iiimox, respectively) are predicted to be
equal but opposite, controlled by the diffusional flux of TTF** (J = Dppe+Vepree+) [53]. However,
this is clearly not the case experimentally. Instead, considerable asymmetry of the oxidative and
reductive limiting currents is seen. Notably, the current for the reduction of TTF*" is always
considerably larger than for the oxidation of TTF*" at all tip-substrate distances measured, with
the ratio of iiim,red/liim,ox iNCreasing with decreasing tip-substrate separation. This is attributed to the

EDL effect from the tip and substrate electrodes, as discussed further below.
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Figure 3. Experimental UME tip linear sweep voltammograms recorded in an
SECM configuration for the reduction and oxidation of TTF** generated at a large Pt
substrate electrode (held at a fixed potential of 0.55 V vs Ag QRE with a 20 s
electrogeneration time before the commencement of the tip LSV) from 1.0 mM TTF in
acetonitrile (0.1 M TBAPFs) bulk solution. A 1.0 um-radius Pt UME tip (RG = 10) was
positioned above the 1.0 mm-radius Pt disk substrate (aligned approximately over the
centre) at normalised tip-substrate distances, L = 0.324 (black), 0.387 (red) and 1.33
(blue). These correspond to gap sizes of 324 nm, 387 nm and 1.33 um, respectively. The
tip potential was scanned between 0.1V and 1.0 V vs Ag QRE at a scan speed of 50 mV s~
1

The significance of EDL effects on the tip voltammetric response was explored herein by
solution of the Nernst-Planck and Poisson equations in COMSOL Multiphysics (vide supra).
Throughout, we have chosen a Gouy-Chapman model for the EDL at glass surfaces (diffuse double
layer (DDL) model), as has been used in many ICR studies with concentrations up to 0.1 M
[42,45,57]. In general, the Gouy-Chapman model can only reasonably be applied for low ionic
strengths and where small surface potentials are involved. Where the surface charge that manifests
is due to a fixed number of sites, as would be the case for insulating glass nanopipettes, the ion

concentrations near the surface will be limited, even at moderate to high ionic strengths and
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consequently the Gouy-Chapman model has been considered to be reasonable at 1:1 electrolyte
concentrations of up to 0.1 M and moderate surface charge densities [3,5,28,62]. Validation of the
Gouy-Chapman model can be found in surface force measurements that have demonstrated that
the potential profile fits the Gouy-Chapman model at separations of greater than 2 nm from the
surface in electrolyte concentrations of up to 0.1 M (and closer distances were not probed) [5].
Where surface charge is considered on electrode surfaces, as discussed in the next section, a
modification to this model was included, whereby a thin region of 0.6 nm from the electrode
(Helmbholtz layer) was assigned a small value of en yielding an intensification of the electric field.
The potential at the outer Helmholtz plane was calculated and subtracted from the applied potential
to represent the drop across the Helmholtz layer (see eq 7 and 8 in Section 2), effectively resulting
in a Gouy-Chapman-Stern model for the EDL [16,17]. This was considered reasonable for the
electrode surfaces, as the surface charge densities (at large applied potential) can be much higher
than that at the glass (e.g. ~100 mC/m? at 1 V). As we pointed out earlier in the paper, this model
and approach yields semi-quantitative information of double layer effects in SECM, which is the

intention.

As discussed in Section 2, the EDL parameters used are approximate and were taken from
related work (vide supra) [15,17]. Figure 4 shows the simulated tip current-potential response for
a UME tip which has a radius, a = 1.0 um, with RG = 10 held at a typical normalised tip-substrate

separations of L = 0.3, 0.4 and 1.3. The following parameters apply: k% = k% =30 cm s (Figure
23



4a) and k% = k% =100 cm s (Figure 4b) (the same k° values were used for both UME and substrate
surfaces for illustrative purposes, as highlighted earlier), a1 = a2 = 0.5, Dyre = 2.1x 10° cm? s,
Drre®* = 1.90 x 10° cm? s, Drre?* = 1.60 x 10° cm? s, Drea* = 1.5 x 10° cm s%, Dpe = 1.7 x
10° cm s, crrr = 1.0 mM, crea” = e = 0.1 M, z17e = 0, Zr7e®" = +1, zr1e" = 42, 21" = +1,

Zrrs = -1 and v=50 mV sL.
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Figure 4. Simulated tip current response for the reduction and oxidation of 1.0 mM TTF**
with (a) k% = k% =30 cm st and (b) k% = k%= 100 cm st. TTF** was generated at a large
Pt substrate electrode (held at a fixed potential of 0.55 V vs Ag QRE) from 1.0 mM TTF
in acetonitrile (100 MM TBAPFs) at different tip-substrate separations (L = 0.3, 0.4 and
1.3). The simulated currents in the SECM configuration are normalised to the simulated
diffusion limiting current for the oxidation of TTF to TTF** at the UME tip in bulk
solution. Other simulation parameters are summarised in the text.

For all tip-substrate distances considered, the simulated voltammograms reproduce the
experimentally observed trend of larger reductive wave magnitude compared to the oxidative wave
limiting current, with the difference between the anodic and cathodic magnitudes exacerbated at

closer tip-substrate separations.
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It is also important to point out that Figure 4a shows an oxidative wave with apparently
slow kinetics compared to the reduction wave, even though they have the same simulated kinetic
parameters (k% = k% =30 cm st and a1 = a2 = 0.5). The oxidation wave is drawn out on the
potential scale, with the half wave potential shifted towards higher overpotential, an effect which
is also seen experimentally in Figure 3, where the difference between the quarter-wave and three
quarter-wave potentials of the current sigmoidal (inter-quartile potential) of the reduction and
oxidation wave are found to be 60 and 68 mV, respectively, at L = 0.324, rather than 59 mV
expected for a reversible process [63]. This is mainly due to introducing the PET at the OHP
(Frumkin double layer correction). Simulations were also performed with a dielectric constant of
10 applied in the Frumkin correction, as there is evidence in the literature that the permittivity of
the Helmholtz layer may be larger in acetonitrile [64]. The obtained voltammograms from these
simulations are presented in Supporting Information, Figure S-5 and show a much more drawn out
oxidative wave. It is worth noting that although the effect of this change in permittivity does not
produce a similar voltammogram to that obtained experimentally, by adjusting other parameters,

it may be possible to obtain a reasonable fit. This was not attempted herein.

Interestingly, the effects that we have highlighted in this section have been seen in studies
of the oxidation and reduction of tris(2,2’-bipyridine)ruthenium (I1) (Ru(byp)) in acetonitrile,
studied by the SECM feedback mode with gap sizes (0.45 — 2.0 um) similar to those considered

herein and with the same supporting electrolyte (0.1 M TBAPFs) [24]. Significant differences
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were seen between the apparent kinetics deduced from oxidation and reduction waves using
conventional ET models. This different behaviour was interpreted as being due to different
oxidation and reduction mechanisms. Yet, the experimental observations were, in fact, similar to
those found herein: (i) for smaller gap sizes of 0.45 —0.75 um, the oxidation voltammograms were
somewhat complicated, with sloped limiting currents, rather than conventional plateaus, and rather
extreme transfer coefficients were needed in order to fit the experimental data to conventional
models. (ii) In contrast, for larger gap sizes, the Ru(byp) oxidation response tended to Nernstian
behaviour. (iii) The reduction limiting current magnitude was found to be about 20 % larger than
to the oxidation current even though the two voltammograms were measured at the same tip-
substrate distance. In this case, the oxidation potential was such that the tip electrode would be
highly positively charged whereas for the reduction it would have been highly negatively charged,
and this behaviour, and apparent difference in electron transfer kinetics, is consistent with the

double layer effects highlighted herein.

4.3 Simulated surface charge effects on nanogap-SECM voltammetric responses

We now consider the commonly used substrate-voltammetry SECM configuration for a generic
single electron oxidation process in aqueous solution (also containing the cation, Cat", and the

anion, An", of the supporting electrolyte) given by the following:

M* (15 M2+ (10)

red
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as a relevant example. This might be represented by the TTF**2* couple discussed above or the
ferrocenylmethyl trimethylammonium couple (FCTMA*2%) couple which is commonly used to
study a wide range of electrode materials as a fast outer-sphere redox couple [30,36,54,65]. The
potentials reported in this section are representative of a typical aqueous reference electrode scale

such as Ag/AgCl.

In this configuration, an SECM tip is positioned close to a larger substrate electrode surface
to amperometrically detect the reactants or products of the substrate electrode reaction under high
mass transport conditions. This results in a pair of substrate-generation/tip-collection (SG/TC) and
competition mode tip-current vs substrate-potential curves [23,30,66] which — in principle — can
be used to determine fast ET rate constants as well as the tip-substrate separation and diffusion
coefficient ratios [23,24,67,68]. A schematic of the substrate-voltammetry SECM operation

protocol is shown in Sl, Section S-2, Figure S-1.

Parameters typical of the nanogap-SECM geometry were considered, with a UME tip of
radius, a = 0.5 um with RG = 2, held at normalised tip-substrate separations, L = 0.1 — 0.3 [30,36].
The following parameters apply throughout: kume = 100 cm s (fixed and corresponding to
ultrafast kinetics), k%u» was varied (vide infra), « = 0.5, Du" = Dm?* = 1.0 x 10° cm s, Dcat™ =

Dan =2.0x10°cms? eyt =1.0mM, ccat’ =can =5 mM, zm* = +1, zm> = +2, zcat” = +1, zan" =
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-1, EY = 0.4 V and v = 0.05 V s These parameters are similar to those used in previous

experimental studies [30]. Simulation details can be found in Sl, Section S-2.

4.3.1. Effect of charge on glass on paired nanogap voltammograms
Figure 5 shows simulated tip-current vs substrate-potential curves for the competition and SG/TC
modes for a range of surface charge densities (+30 to -30 mC m™) at the glass surface that
encapsulates the UME tip for the case where there is no charge on the electrode surface to highlight
any effect of the glass charge (Figure 5a) and then where surface charge effects are considered on

both the UME and substrate electrodes (Figure 5Db).
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Figure 5. Simulated (i) competition and (ii) SG/TC mode nanogap substrate-voltammetry
SECM tip-current vs substrate-potential curves for the oxidation process defined by eq 10
at the substrate electrode, showing the effects of charge on the glass surface that
surrounds the UME tip on the voltammogram shape (a) without and (b) with surface
charge effects on both electrodes. Simulation parameters were L = 0.1 and k%u, = 10 cm s°
1 Other simulation parameters are defined in the text.

In the competition mode, the UME tip is held at a potential (Eume = 0.9 V) to oxidise M*
to M?* at a mass-transport limited rate, while the substrate potential is cycled linearly with respect
to time through the range of potentials corresponding to the oxidation of M* to M?*. The tip current
is determined by the flux of the M* species at the UME tip surface which is in competition with
that towards the substrate. It is clear from Figure 5a(i) (no charge on electrode) and 5b(i) (full

model with charge on electrode) that in this mode, when the glass surrounding the UME tip is
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positively charged, the tip limiting current is enhanced compared to the charge-free glass
counterpart. This is because M* close to the tip-glass boundary experiences a repulsion from the
glass resulting in an enhancement of the flux of M™ to the active part of the UME tip, as shown in
the concentration profile plot in Figure 6a(i), which should be compared to the charge-free case in
Figure 6a(ii). Conversely, when the glass is negatively charged, the limiting current is lower than
the charge-free counterpart. As seen in Figure 6a(iii), the negatively charged glass surface results
in an accumulation of positively charged ions near the glass surface, restricting the redox cycling

of M* between the tip and substrate.

In the SG/TC mode, the UME tip amperometrically detects substrate-generated M?* (by
reduction to M*) at a fixed tip potential (Eume = -0.1 V) corresponding to transport-limited
detection, while the substrate potential is cycled to oxidise M*to M?*. The limiting current in the
SG/TC mode is determined by the flux of M?* species towards the UME tip surface. When the
charge on the glass surrounding the UME tip is positively charged, the simulated tip limiting
current is diminished compared to the charge-free glass counterpart (Figure 5a(ii) and 5b(ii)). As
shown in the concentration profile plot in Figure 6b(i), M?* species in the gap is repelled from the
glass surface, thus diminishing the flux of M?* towards the UME tip close to the tip/glass boundary,
compared to the uncharged glass case in Figure 6b(ii). Conversely, when the glass surface is
negatively charged (Figure 6b(iii)), substrate-generated M?* accumulates near the glass surface

resulting in a higher local concentration of M?* at the tip/glass boundary, which promotes redox
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shuttling between the two electrodes and hence resulting in the enhanced limiting current

compared to the uncharged glass case.
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Figure 6. Concentration profiles for (a) M* species at the beginning of the competition
mode voltammetric scan (Eume = 0.9 V and Esup = -0.1 V) and (b) M2* at the end of the
SG/TC mode voltammetric scan (Eume = -0.1 V and Esyp = 0.9 V) for (i) +30 mC m2, (ii) O
mC m-2 and (iii) -30 mC m-? applied to the glass surface surrounding the UME tip. Other
simulation parameters are identical to those used for Figure 5a. The top profile is for
illustrative purposes only, to show most of the domain from which the zoom profiles are
taken, and the vertical line in the profiles marks the edge of the UME tip.
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To summarise: surface charge on the glass that encapsulates the UME tip has a strong effect
on the limiting current values measured during a voltammetric scan in both the competition and
SG/TC modes. An important consequence is that the ‘apparent’ tip-substrate distances resulting
from analysis of the simulated curves with a diffusion-only model, as is done, for example, to
obtain tip-substrate distances in nanogap SECM [23,36,69], will give the incorrect tip-substrate
distances for the paired voltammograms. Interestingly, when a negative charge (-30 mC cm?) is
considered on the glass surface (as would be typical for agueous solutions at neutral to basic pH)
[44], the apparent tip-substrate distance for the competition mode would be larger than its SG/TC
mode counterpart. This phenomenological trend has previously been reported experimentally [36]
but was attributed to other effects. Additionally, a further complication is that redox couples could
also physically adsorb onto glass and change the charge properties during a voltammetric
measurement. For example, our previous measurement of FCTMA?Z* adsorption at glass [30]
showed the accumulation of FCTMA?* for the glass/solution interface. Adsorption of redox
couples, on both the glass and electrodes, even at low levels, will change the interfacial charge and
properties dynamically during a voltammetric scan and is increasingly recognised as an important
consideration in nanoconfined systems [40,70,71] and we have recently pointed out the importance
of thoroughly characterising all surface and interfaces deployed in nanoscale systems [72]. We
haven’t treated this aspect herein, in order to keep the modelling tractable, but the model could be
developed further in the future.
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4.3.2. Effect of charge on the UME and substrate electrodes on paired nanogap
voltammograms

We now consider in more detail the effect of charge on both the UME and substrate electrode
surfaces. A comparison between the competition and SG/TC modes is shown in Figure 7a(i) and
(i), respectively, where tip-current vs substrate-potential curves, with and without surface charge
effects on both the substrate and UME tip electrodes, are considered for an oxidation process at a
0.5 um-radius UME at L = 0.1. These simulations also include a surface charge density of -30 mC
m on the glass surface that encapsulates the UME tip, a typical value for borosilicate in low
electrolyte concentration aqueous media (e = 78) [44]. Simulated current-voltage curves, which
include the effect of surface charge on the electrode and Frumkin corrected potentials, are
significantly different to the counterpart computed without EDL effects. In general, for a given
potential, the current is smaller and the voltammogram apparently is less reversible (as defined by

reference to a diffusion-only regime) for both the competition and SG/TC modes.

As mentioned above, in both the SG/TC and competition modes, the tip current is
dependent on the cycling of a positively charged redox couple between the charged tip and surface.
This effect greatly modifies the M*/M?* distribution and mass transport in the gap, with a
significant impact on the voltammetric wave shape (Figure 7(a)(i) and (ii). This is clearly evident

in the concentration profiles of M* and M?* shown in Figure 7b(i) across the centre axis of the gap
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at Esup =-0.1 V and Eume = 0.9 V for the competition mode (i) and Eume =-0.1 V and Esup= 0.9 V

for the SG/TC mode (ii).
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Figure 7. Simulated (a) nanogap substrate-voltammetry SECM tip-current vs substrate-
potential curves for the (i) competition and (ii) SG/TC mode for a one-electron oxidation
process. The surface charge density at the glass surface that encapsulates the UME was -
30 mC m2. (b) Concentration profiles of M* and M2* in the nanogap along the centre axis
of the UME tip (z = 0 and 50 nm represent the substrate and tip surface respectively). In
the competition mode, Esup = -0.1 V and Eume = 0.9 V, while in the SG/TC mode, Esy =
0.9 V and Eume = -0.1 V. The solid and dotted lines represent simulated results without
and with surface charge effects applied to the both UME and substrate electrode surfaces.
Simulation parameters: k%, = 10 cm st and L = 0.1. Other simulation parameters can be

found in the text.

Figure 8a shows voltammograms for both the competition mode and SG/TC mode, when

the substrate kinetic values are changed systematically (k%u»= 100, 10, 1 and 0.5 cm s?) at a fixed
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distance, L = 0.1 for the full charge model including the EDL effect on the electrodes, Frumkin

corrected potentials, as well as a surface charge density of -30 mC m on the glass surface that

encapsulates the UME tip. For all k°sy» values considered, the currents are smaller than their EDL-

free counterpart and, based on the difference in the quartile potentials, appear to have apparently

slower kinetics than actually applied in the model (if viewed within the framework of a

conventional charge-free diffusion-only model). For some redox systems, it can also be seen that

both the competition and SG/TC modes give different limiting currents which, within the confines

of a traditional (and typical) [23,36,37] diffusional SECM model, would be interpreted as different

apparent tip-substrate distances.
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Figure 8. Simulated nanogap substrate-voltammetry SECM tip-current vs substrate
potential curves for the oxidation process defined in eq 10 including surface charge and
Frumkin corrected potentials on both the tip and substrate electrode surfaces, and a fixed

surface charge density of -30 mC m=2 on the glass that encapsulates the UME tip. Data are
shown for the (i) competition and (ii) SG/TC modes showing the effects of (a) substrate

ET kinetics (k%up = 100 cm s! (black), 10 cm s™* (red), 1 cm s* (blue) and 0.5 cm s°?

(magenta)) at L = 0.1 and (ii) normalised tip-substrate separation (L = 0.1 (black), 0.15

(red), 0.2 (blue) and 0.3 (magenta)) with k%,,=10 cms-t. In the competition mode, Eume =

0.9 V while in the SG/TC mode, Eume = -0.1 V. The substrate potential was scanned from

-0.1 V to 0.9 V at a scan speed of 50 mV s'. Other simulation parameters can be found in

the text.

Figure 8b shows simulated UME tip responses when the tip-substrate separation, L, was
varied (0.1, 0.15, 0.2 and 0.3) with a fixed k%u = 10 cm s, For all tip-substrate distances, the
apparent kinetics of the simulated voltammograms are significantly smaller than the known input
value (K%ub» = 10 cm s?) of the simulation if they were analysed using diffusion only assumptions.
Further, in all cases, for the competition and SG/TC mode voltammograms have different limiting
currents, which would be interpreted as different distances within a simple diffusion-only model
[23,24]. It is also important to note that at smaller tip-substrate distances, where the effects of the
EDL are most significant, the voltammograms in both the competition and SG/TC mode fail to
reach true steady limiting-current values at the most driving potentials. Rather, the voltammograms
show an increasing current with applied potential, due to the changing charge on the electrode
inducing an increasing migration effect. Anomalous voltammogram shapes can be found in a

number of SECM papers [24,36,37,66,70] and have not been commented on or fully explained.
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This type of phenomenon could well have some origin in the surface charge effects highlighted

herein.

4.3.3. Comparison of simulations of surface charge on both electrodes and glass surfaces
Finally, we consider simulated nanogap substrate-voltammetry SECM results in Figure 9 that
compare the following situations: diffusion only (black), the effect of surface charge on the glass
(-30 mC m in aqueous solution (e = 78)) that encapsulates the UME tip, but with no charge on
the UME and substrate electrodes (red), the effect of surface charge on the electrode, but with no
charge on the glass surface (blue), and the full simulation which includes surface charge and
Frumkin corrected potentials on both electrodes and surface charge on the glass surface (green).
A value of k%u, =10 cm st was considered, with other parameters defined in the text. It is clear that
EDL effects on the electrode surfaces strongly affect the voltammogram shape (the difference in
the quartile potentials) and magnitude of current and hence the apparent kinetics, while the surface
charge on the glass strongly affects the limiting current magnitudes in both competition and SG/TC
modes. Given that these voltammograms are all for the same tip-substrate distance, it is very clear

that double layer effects have a profound influence on the voltammetric waveshape.
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Figure 9. Simulated nanogap substrate-voltammetry SECM tip-current vs substrate-
potential curves for an oxidation process comparing plots for diffusion only (black), the
effect of charge (-30 mC m-2 from ref [44]) on the borosilicate glass encapsulating the
UME disk (red), the effect of surface charge and Frumkin corrected potentials on the UME
and substrate electrode (blue), and the full charge model including EDL effects at both
UME and substrate electrodes and glass surface charge (green). Simulation parameters:
k%u = 10 cm s, pe =-30 mC m2, L =0.1 and v =50 mV s't. Other simulation parameters
can be found in the text.

5. Conclusion

In conclusion, we have reported a model for SECM that includes the influence of electrode surface
charge, which changes during a voltammetric measurement, and a fixed surface charge on the glass
or quartz part of the SECM tip. A typical process involving a redox mediator with a single positive
charge that undergoes either a one-electron reduction or one-electron oxidation has been
considered, although the model could easily be extended to other cases. Using parameters that are
typical for SECM voltammetric measurements in acetonitrile and aqueous solutions, such as 100
mM and 50 mM supporting electrolyte, respectively, a reasonable PZC value and charge

magnitudes that are appropriate for the glass or quartz part of the SECM tip, we have shown that
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surface charge has a profound influence on voltammetric waveshapes for common SECM modes,
namely the tip-voltammetry (feedback mode), and substrate-voltammetry (substrate-

generation/tip-collection and competition modes) configurations.

Double layer effects are most significant for the so-called “nanogap” configuration where
the SECM tip and substrate electrodes are positioned such that they are within a few 10’s nm of
each other, but the effects can also be observed at separations of 100’s nm, as evidenced by
simulations and experimental measurements with the TTF/TTF*" and TTF**/TTF?* redox couples.
Surface charge distorts SECM voltammograms, such that they may show non-limiting currents, as
evident in a number of examples in the prior literature. Moreover, this distortion leads to
voltammetric wave-shapes with kinetics that would appear much slower than the actual electron
transfer kinetics operating, if analysed with classical diffusion models and ignoring double layer
effects. Furthermore, surface charge results in asymmetric limiting currents of paired SG/TC and
competition mode voltammograms and also unequal current magnitudes for the one-electron
oxidation and reduction of a singly charged redox species in the tip shielding mode. This would

be interpreted as an incorrect tip-substrate distance within the confines of a diffusion-only model.

It is important to emphasise that this work has considered simple models for the charge
distribution at the electrode/electrolyte and glass/electrolyte interfaces, and has ignored adsorption

of the redox couple, which may be particularly important nanogap geometries. More detailed
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models could be implemented, although would require the use of more fitting parameters, and the
use of such models would change some the results presented herein. Nonetheless, the basic
message conveyed in this paper on the impact of surface charge on SECM is not predicated on
particular models for the EDL or the choice of parameter values. Surface charge is an important
consideration in SECM measurements with small gaps between the tip and substrate, even with
relatively high supporting electrolyte concentrations. Consequently, the physicochemical
properties of charged interfaces need to be understood in great detail to properly implement SECM
and analyse voltammetric data in this configuration. With this information, and the use of more
comprehensive models, and a range of tip-substrate separations, and electrolyte and redox couple
concentrations, SECM could be a powerful to elucidate electron transfer kinetics (at larger tip
substrate separations and/or higher electrolyte concentrations) and double layer effects (smaller,

variable tip substrate separations).

List of Symbols

Di Diffusion coefficient of species i

Ci Concentration of species i

Zi Charge number of species i

Ji Flux of species i

kY Standard rate constant of reaction j

aj Transfer coefficient of reaction j

EY; Formal potential of reaction j

€ Dielectric constant of solution of interest
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EHL Dielectric constant within the Helmholtz layer

dnL Dimension of the Helmholtz layer

p Surface charge density

F Faraday constant

R Gas constant

T Absolute temperature

) Electric potential

Esub Potential applied to the substrate electrode
Eume Potential applied to the UME electrode
Epzc Potential of zero charge

Vv Potential sweep rate

Timred Reduction limiting current

Tim,ox Oxidation limiting current
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