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Abstract

A mechanism for the concerted pathway of coupled electron- and phase-transfer reactions (CEPhT) is
proposed. Fhe-drivingforee-for- CEPhT at three-phase interfaces formed by a solid electrode, an insulating
organic solvent, and an aqueous electrolyte is eaused-driven by electric double layer (EDL) spillover-at-the
three-phase—interface, which—resultsinwith significant electrostatic potential gradients extending a few
nanometers into an-the insulating phase. This EDL spillover phenomenon is studied using scanning
electrochemical cell microscopy to interrogate the oxidation of ferrocene in toluene to ferrocenium in water,

(Fc)tol - (FC+)aq +e rw

Finite

element method simulations ofprevide—insight—on the electrostatic potential distribution and species
concentration profiles in-the-proximity-ofthe-three-phase-interface-and-enable the calculation of complete
i-E curves that incorporateforFe-CEPRT- with-inelusion-efmass transport, electron transfer, phase transfer,
and EDL structure. Simulated and experimental i-F traces show good agreement in the current magnitude
and the effect of supporting electrolyte, demenstrating-identifying an unexpected dependence of overall
reaction kinetics on the concentration of supporting electrolyte in the aqueous phase due to EDL spillover.
Fhe—presence—of—aAn interfacial toluene/water mixing region generates a unique electrochemical
microenvironment where concerted electron transfer and solvent shell replacement facilitate CEPhT.
Kinetic expressions for concerted and sequential CEPhT mechanisms are-developed;-highlighting the role
of the-this interfacial environment in controlling the rate of CEPhT. These combined experimental and
simulated results are the first to support a concerted mechanism for CEPhT where (Fc),; is transported to
the interfacial mixing region at the three-phase interface where it undergoes oxidation and phase transfer.
EDL spillover can be leveraged for engineering sample geometries and electrostatic microenvironments to
drive electrochemical reactivity in classically forbidden regions — ;—sueh-ase.g-., insulating solvents and
gases.
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Introduction

Coupled electron- and phase-transfer (CEPhT) reactions are integral in numerous electrochemical
systems such as the electrodeposition of metals from solvated metal ions, ' ? electrochemical amalgam
formation,® metal corrosion in mixed solvents,* > cation desolvation and intercalation in alkali-ion

67 and multiphasic photocatalytic systems.® ° These processes are typically accompanied by

batteries,
partial'® or complete replacement of the local solvent environment.!! For example, during a simple
electrodeposition process, such as the reduction of Cu?* onto a Cu electrode, the metal ion undergoes
several elementary reaction steps including: i) transport towards the electrode surface, ii) solvent shell
reorganization/removal, iii) electron transfer to reduce the metal ion, and iv) phase transfer onto the metal
electrode crystal lattice. Notably, CEPhT reactions can couple the electron and phase transfer elementary
steps in a sequential or a concerted manner, with important consequences to their mechanism. Attempts to
apply Marcus-type descriptions to these CEPhT systems are complicated by the extensive changes in the
local chemical environment.'?"'* Furthermore, mixing over nanometer length-scales between two different
phases results in a gradient of physical and chemical properties in the solvent medium.'' Fundamental
kinetic and mechanistic insight of CEPhT reactions would benefit from the development of model
systems where the electrochemical microenvironment can be precisely controlled and characterized.

Herein, we report an investigation of a model CEPhT system comprising the oxidation of
ferrocene (Fc) to ferrocenium (Fc*) at a glassy carbon (GC)/toluene/water interface, represented by the
overall reaction:

(FO)ror = (Fc)gq + €~ (Eq. 1)

where the subscripts “fo/” and “aq” explicitly indicate that the electron-transfer (ET) step is accompanied
by phase transfer (PhT) of the redox species from toluene to the aqueous phase. Experimentally, scanning
electrochemical cell microscopy (SECCM) is used to form nanoscale three-phase interfaces — a
nanopipette filled with an aqueous electrolyte is submerged into a bulk toluene phase containing Fc, and

the toluene/water interfacial meniscus is brought in contact with an electrode surface, represented
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Figure 1. Experimental schematic of SECCM voltammetry for oxidative Fc CEPhT at the
electrode/toluene/water (KCl) /electrode three-phase interface formed at the tip of a nanopipette filled
with aqueous electrolyte and submerged in a bulk toluene phase

schematically in Figure 1. After the three-phase meniscus is formed, the oxidation of (Fc).; to (Fc™) 4,
can be driven by applying a potential to the glassy carbon (GC) electrode. Previously, we have studied the
electrochemical CEPhT of Fc at wire electrodes across 1,2-dichloroethane (DCE, 100 mM
TBAPFg)/water (100 mM KCl) interfaces,'® revealing a reversible sequential mechanism where the
electron-transfer and phase-transfer steps occur separately. Subsequently, and to be detailed in a separate
report, we experimentally investigated the case of concerted CEPhT using SECCM to study the oxidation
of various Fc derivatives at the electrode/toluene/water interface. However, a mechanistic description of
concerted CEPhT remains elusive because the role of the chemical microenvironment in these complex
reactions is difficult to probe at the three-phase interface solely through experimental voltammetry.
Herein, we combine SECCM and finite element method (FEM) simulations to interrogate the role
of the local electrochemical microenvironment at the three-phase boundary on the voltammetric response
associated with CEPhT. First, we report the oxidation of Fc across the toluene/water interface using
SECCM voltammetry, demonstrating a concerted CEPhT mechanism. FEM simulations are developed to

describe the complete i-F£ response associated with CEPhT, with explicit treatment of mass transport,



electron- and phase-transfer kinetics, the electrostatic potential distribution (including the EDL), and the
presence of an interfacial water/toluene mixing region. This model reveals that EDL spillover into the
toluene phase — extending a few nanometers into the toluene phase — provides the driving force for the net
reaction. This driving force is sensitive to the EDL structure, and simulations predict a reduction of the
overall reaction kinetics upon lowering the concentration of supporting electrolyte in the aqueous phase.
This prediction is tested experimentally using SECCM, demonstrating good agreement between simulated
and experimental i-E responses under varying electrolyte concentrations. This combined experimental and
simulation effort provides the theoretical framework to understand concerted CEPhT reactions and to
inform the design of new electrochemical systems taking advantage of EDL spillover to drive unexpected
reactivity. Finally, experimental and numerical results are complemented by an analytical treatment of the
system, where kinetic expressions that account for the elementary steps of electron- and phase-transfer are

developed.

Results and Discussion

Experimentally Observing Concerted CEPhT Using SECCM

SECCM voltammetry was used to probe the mechanism of concerted Fc oxidative CEPhT at
electrode/toluene/water (KCl) three-phase interfaces, as represented schematically in Figure 1. Briefly, a
laser-pulled nanopipette (tip radius ~150-300 nm) is filled with an aqueous electrolyte containing KClI,
forming a hanging aqueous meniscus at the nanopipette tip.'® To enable electrochemical characterization
of the electrode/aqueous electrolyte interface, 0.5 mM Ru(NH;)6Cl; is added to the aqueous phase;
however, this species is not involved in the CEPhT mechanism. A Ag/AgCl wire is inserted into the
pipette to act as a combined counter/reference electrode for voltammetric measurements. The nanopipette
and hanging aqueous meniscus are lowered under three-dimensional piezoelectric control towards a GC
electrode that is submerged in a bulk toluene phase and polarized at a potential sufficient to reduce
Ru(NH3)6*". When the droplet comes into contact with the GC electrode, a faradaic current associated

with Ru(NH3)6** reduction is observed, and the piezoelectric translation is stopped. The resultant



electrode/toluene/water three-phase electrochemical cell is stable under repeated voltammetric cycling, as
evidenced by a consistent Ru(NH3)s*" voltammetric wave (see SI Section II). These stable electrochemical
cells provide a method to directly and rapidly probe the current associated with CEPhT processes at the
electrode/toluene/water three-phase interface, such as Fc oxidation.

The cyclic voltammetric response for a pipette containing an aqueous phase of 100 mM KCl and
0.5 mM Ru(NH3)6Cl; in contact with a GC electrode submerged in pure toluene is shown by the black
trace in Figure 2. The response shows only a voltammetric wave associated with Ru(NH;)s** reduction in
the aqueous phase and no voltammetric features at positive potentials. We note that the capacitive
background in all voltammetric scans is several orders of magnitude too large to arise from double layer
charging, and is attributed to stray capacitance in the SECCM instrument. Subsequently, the bulk toluene
phase was replaced with toluene containing 1 mM Fc and the cyclic voltammetry was repeated, as shown
by the red trace in Figure 2. Importantly, the voltammetric wave for Ru(NH3)¢>* reduction remains largely
unchanged with bulk phase replacement, indicating a stable meniscus geometry and reproducible

positioning of the SECCM tip. In the presence of Fc, a new oxidative voltammetric feature is observed
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Figure 2. Experimental voltammetry for nanopipettes containing water with 0.5 mM Ru(NH3)sCl; and
100 mM KCI submerged in either pure toluene (black) or toluene containing 1 mM Fc (red). In the
presence of Fc, an oxidative wave associated with Fc CEPhT is observed around 0.25 V versus Ag/AgCl.
The nanopipette radius is ~250 nm and the voltametric scan rate is 50 mV/s.



with an onset around +250 mV versus Ag/AgCl (100 mM CI). While the voltammetric wave for
Ru(NH3)6*" reduction is marked by a sharp sigmoidal i-E profile due to fast electron transfer kinetics that
allow it to rapidly reach its mass transport limit, the slow exponential rise in the i-E profile for Fc
oxidation suggests a kinetically controlled reaction. The voltammograms correspond to the average of
nine isolated SECCM meniscus cells where the standard deviation of the current for nine measurements is
approximately the width of the lines, indicating excellent reproducibility in the observed CEPhT
response. While the new voltammetric wave in Figure 2 can be unequivocally assigned to Fc oxidation at
the three-phase interface, the role of the electrochemical microenvironment in governing CEPhT activity

has not been investigated.

Model Expressions for Concerted CEPhT

A schematic of the three-phase interface and the associated CEPhT reaction are shown in Figure
3. As described in detail below, we model the interface between toluene and water as a mixed layer of
~1 nm width. Within this toluene/water mixing region at the electrode surface, concerted CEPhT proceeds

by the oxidation and phase transfer of (Fc)¢o; to (Fc*) 44, indicated by (i) in Figure 3. For the simple
concerted mechanism, a Butler-Volmer type rate expression can be written as:

20 (€R) = =5 (C8l) = Kepnr  [CRs € — € 0-9/1] (Eq.2)
where Cf.is the concentration of Fc in the toluene phase, C ;AC/AS the concentration of Fc" in the aqueous
phase, k2zpyr is the CEPhT rate constant, « is the transfer coefficient, f= F/RT is the reduced Faraday’s
constant, and the overpotential 1 = (¢, — Pppr — E®) is the difference between the electrode potential
¢, the potential at the plane of electron transfer, ¢pgt, and the formal redox potential for Eq. 1, E°. Eq.
2 contains two subtle but key differences from the standard Butler-Volmer (BV) model expressions.
First, in the reduced and oxidized forms of the redox species, i.e., Fc and Fc*, are located in different
phases. Thus, Eq. 2 represents a BV expression for a concerted electron- and phase-transfer process,

where E° is determined by the free energies of Fc in toluene and Fc* in water. As E’, k, and « in Eq. 2



are defined with respect to the CEPhT reaction coordinate, it is important to note that these values are
distinct from those corresponding to an electron-transfer step in either pure phase. Second, and as detailed
below, ¢pgT, and, thus, the driving for electron transfer, is a function of position along the GC electrode
as one moves across the water/toluene interface. As the electron- and phase-transfer steps are implicitly
connected in CEPhT reactions, the value of kJgp, 1 is governed by descriptors for both molecular

processes.
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Figure 3. Schematic representation of processes during Fc oxidative CEPhT including (i) concerted
electron- and phase-transfer at the electrode/toluene/water three-phase interface, (ii) Fc partitioning at the
water/toluene interface, and (iii) Fc* partitioning at the water/toluene interface. All processes include
transfer across the toluene/water mixing region with accompanying implicit solvent shell replacement.

At the liquid/liquid phase boundary extending beyond the three-phase interface, conventional
phase transfer for Fc and Fc" are indicated by (ii) and (iii) in Figure 3, respectively. The corresponding

rate expressions for phase transfer can be written as:
d d
at (Cre) = =2 (Cre) = kpppe (Kie' Crc — Cre) (Eq. 3a)

% (Cl:‘rc+) == % (CIE‘IZ+) = kPT.FC+ (K153+ Cl;/::,+ - CI;FCJ“) (Eq. 3b)
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where kpr; is the phase transfer rate constant for species i, and Kieq is the phase transfer equilibrium
constant for species i, defined as Kieq = ¢ / C". The phase transfer processes at the toluene/water
boundary of the SECCM meniscus can be simplified by considering the high value of Klfg due to the
negligible solubility of Fc in the aqueous phase (~40 uM).!” Thus, the rate of Fc phase transfer, Eq. 3a, is
approximately zero, and only the kinetics of the CEPhT process (Eq. 2) and the partitioning of Fc*

(Eq. 3b) contribute to the observed i-F£ response.

To simulate the overall Fc CEPhT reaction at the electrode/toluene/water interface, the kinetic
expressions in Eqgs. 2-3 must be combined with treatments of mass transport, the electrostatic potential
distribution including the EDL, and the structure of the water/toluene interface. Molecular transport for
Fc/Fc' in both phases and supporting electrolyte in the aqueous phase was described by the Nernst-
Planck'® equation:

Ji = =DiVC;i — z;fDiCiV¢ (Eq. 4)
where subindex i enumerates all molecular/ionic species whose molecular flux J;, depends on their
diffusion coefficient D;, their concentration C;, and their charge z:. V is the gradient operator, ¢ is the
electrostatic potential, F'is Faraday’s constant, R is the gas constant, and 7 is the temperature. The

electrostatic potential distribution in the aqueous phase is computed from the Poisson equation, given by:

FY z;C;
EE&p

V2 = (Eg. 5)
where g is the permittivity of free space, ¢ is the relative permittivity of bulk water (~78), and all other
variables have been previously described. The EDL at the electrode/water (KCl) interface was treated
using the Bockris-Devanathan-Miiller model with explicit inner and outer Helmholtz layers.!® The inner
Helmholtz plane (IHP), corresponding to the plane of closest approach for desolvated ions, was set at a
distance of 0.29 nm and the dielectric constant between the electrode surface and the IHP was set at 6.2°

The outer Helmholz plane (OHP), corresponding to the plane of closest approach for solvated ions, was

set at a distance of 0.59 nm and the dielectric constant between the IHP and OHP was set at 30. As the
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compact EDL in the aqueous phase is impermeable to ions, the electrostatic potential distribution is given
by the Laplace equation,
V2¢ =0 (Eq. 6)
and the surface charge density at the outer Helmholtz plane (OHP), conp, is defined as:
oonp = —€&VPly=onp- (Eq. 7)
As no electrolyte ions are present in the toluene phase, the electrostatic potential distribution at all points
in the toluene phase is given by the Laplace equation, Eq. 6.
To treat the interfacial structure of the water/toluene boundary, this model includes the presence
of a mixing region extending +0.5 nm from the nominal liquid/liquid boundary, based on insight from
molecular dynamics simulations.'! Over this interfacial mixing region, the distance-dependent chemical

composition was approximated as a smoothed Heaviside function as:

1if x<-6
3
X0 =105-0.75(3) +025(%) if —6<x<6  (Eq.8)
0 if x=46

where x is the distance relative to the nominal three-phase interface and 24 is the thickness of the mixing
region, here set to § = 0.5 nm. The molar fraction of toluene is the complement, Y7o (x) = 1 — xp,0(X).
The chemical composition and distance-dependent dielectric constant calculated from mole fractions?! as:
€(X) = Xn,0(X)€n,0 + X1ol (X) €101 (Eq.9)
are shown in Figure 4. In the absence of experimentally measured dielectric constants at the water/toluene
interface, the dielectric constant in the mixing region was approximated using a linear model. Ions from
the supporting electrolyte are allowed to diffuse in the aqueous side of this interface (x < 0). Within the
interfacial region, and extending an additional 1.5 nm into the pure toluene phase, both(Fc);,; and
(Fc*)qq were permitted to diffuse and undergo the concerted CEPhT reaction — an approximation

required for mass conservation in the overall CEPhT reaction. Within the mixing region, mass transport
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Figure 4. Solvent composition (left, red lines) and dielectric constant (right, blue points) near three-phase
interface, with mixing region extending +0.5 nm beyond the nominal three-phase interface indicated by
dashed black lines.

for (Fc).: and (Fc"),, were defined identically to transport within the bulk phases. The distance of 1.5 nm
was selected based on the distance over which the electrochemical driving force for CEPhT dissipates in
the toluene phase (vide infra). However, this approximation does not alter the physical interpretation of
the concerted CEPhT process due to: i) the rapid transport of (Fc+)aq away from the three-phase
interface and into the bulk aqueous phase after CEPhT and ii) the fact that the CEPhT reaction takes place
at a sufficiently high positive electrode potential such that the reduction of (Fc*) 44 to (FC)¢o, is

negligible in the mixing region and in the bulk toluene phase.

Simulation of Fc CEPhT at the GC/Toluene/Water Interface

Finite element model simulations of the oxidation of Fc at the GC/toluene/water three-phase
boundary in the SECCM configuration were implemented with COMSOL Multiphysics V5.5 by
combining Eqs. 2-9 with appropriate bulk solution and electrostatic boundary conditions, detailed fully
with the simulated geometry in SI Section III (Figure S6). From these simulations, the i-E response, the

electrostatic potential distribution, and concentration distributions can be analyzed to understand the role
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of the electrochemical microenvironment on CEPhT reactivity. Complete simulation details are provided
in the COMSOL model report provided in the supporting information.

A simulated electrostatic potential profile for the case of 100 mM KCl and ¢v = 0.8 V versus pzc
(potential of zero charge) is shown in Figure SA within 150x150 nm of the three-phase interface. In the
aqueous meniscus phase, the electrostatic potential drops across the EDL to ~0 V versus pzc at the OHP.
At the other extreme, consider the toluene phase at distances far away from the three-phase interface,
where the absence of supporting electrolyte ions results in a linear potential drop between the electrode
surface and ground, here corresponding to the bulk solution boundary. The lack of a toluene-phase EDL
and the large separation between the electrode and ground establishes a small electrostatic potential
gradient in toluene, which results in insufficient driving force for Fc oxidation, n = (¢ — Pppr —

E®) ~ 0. However, near the GC/toluene/water interface, the electrostatic potential gradient between the
electrode surface and the PET begins to increase appreciably. The electrostatic potential profile within a
10x10 nm region at the three-phase interface is shown on the right in Figure 5B, revealing that the
potential drop across the aqueous phase diffuse EDL results in a noticeable electrostatic potential gradient
in the toluene region near the three-phase interface. This potential gradient in the toluene region near the
three-phase interface — the EDL spillover effect — provides sufficient driving force for Fc oxidation within
the insulating toluene phase, with a contribution that diminishes rapidly as a function of distance away
from the three-phase interface.

The corresponding Fc concentration profile at the three-phase interface is shown in Figure 5C,
demonstrating the depletion of Fc within a few nm of the three-phase interface. Conversely, the
concentration profile for Fc*, shown in Figure 5D, reveals significant Fc* accumulation within the
aqueous phase droplet approaching ~3 mM, due to the high rate of CEPhT. Fc" in the aqueous phase is
transported by diffusion and migration away from the three-phase interface into the bulk aqueous phase in
the nanopipette, and the bulk concentration at distances far from the electrode/electrolyte interface
approaches 0 mM (Figure S7). The concentration profiles for Fc and Fc* along the PET are shown in

Figure 5E.
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Figure 5. Electrochemical microenvironment near the three-phase interface at 100 mM supporting
electrolyte. A) Simulated electrostatic potential profile within 150x150 nm of the three-phase interface
for an aqueous phase containing 100 mM KCI. B) Electrostatic potential profile within a 10x10 nm
region of the three-phase interface showing EDL spillover into toluene phase. C) Fc concentration
profile corresponding to B, demonstrating Fc depletion in toluene phase directly at the three-phase. D)
Fc* concentration profile as in C. All simulations correspond to a nanopipette radius of 225 nm, | mM
Fc in the toluene phase, 0 = 45°, kpr = 10 cm/s, and k., = 0.1 cm/s. The mixing region is indicated

by the dashed black lines, and the nominal toluene/water boundary is indicated by the solid black line.
E) Concentration profiles along the plane of electron transfer for Fc and Fc¢*. The three-phase interface
is located at R=225 nm, denoted by the vertical dotted line, with the water region at r<R and toluene for
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To quantitatively probe the effect of EDL spillover on Fc CEPhT, we now consider the
electrochemical driving force near the three-p hase interface as a function of applied electrode potential.
Figure 6A shows the potential drop at the PET, (@du-dper), as a function of distance along the electrode
surface at a range of applied electrode potentials, with the three-phase interface indicated by the dashed
line. In the aqueous phase (left), the rapid electrostatic potential drop across the compact EDL results in
(#u-greT) that is approximately equal to the applied potential. Due to the lack of ions in the toluene phase,
(@um-grer) 1s ~0 V within tens of nm of the three-phase interface at all applied potentials (right). The
potential drop from Figure 6A is shown in Figure 6B within =5 nm of the three-phase interface,
demonstrating the rapid drop in (@u-¢per) along the electrode surface in the insulating organic phase. The
toluene/water mixing region is represented by the vertical dashed red lines, with a thickness of 1 nm. This
location-dependent driving force (¢m-¢rer) predicts that the rate of Fc oxidation at the electrode/organic
interface will rapidly decrease as the distance from the three-phase interface increases. Figure 6C shows
the simulated current density for Fc oxidation in the mixing region and in the toluene phase as a function
of distance from the three-phase interface at a range of applied electrode potentials. As the applied
potential is increased from 0.4 V, the current density distribution increases in the mixing region and
ultimately shifts towards the toluene phase up to 0.8 V, consistent with the increased effective driving
force shown in Figure 6B. At all simulated potentials for this meniscus geometry, electron-transfer in the
toluene phase is restricted to within 1 nm of the nominal three-phase interface, occurring primarily within
the toluene/water mixing region.?” The spatial confinement of the CEPhT to length-scales associated with
the thickness of the interfacial solvent region is physically consistent with a concerted CEPhT
mechanism. As Fc is insoluble in the aqueous phase, the simulated current density beyond the mixing
region into the aqueous phase is zero.

To understand the role of the electrical double layer on CEPhT, the voltammetric response for Fc
oxidation at the SECCM electrode/toluene/water interface was simulated as a function of supporting

electrolyte concentration. Qualitatively, as the concentration of supporting electrolyte is decreased, a
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Figure 6. Electrostatic potential drop and current density at the three-phase interface. A) Potential drop at
the PET, (@ -¢h; ). as a function of distance from the three-phase interface at a range of electrode

potentials, @, , for a nanopipette containing 100 mM KCI. B) Potential drop at the PET, as in A, within £5

nm of the three-phase interface. C) Current density for Fc oxidative CEPhT as a function of distance from
the three-phase interface extending into the toluene phase at a range of electrode potentials. All simulations
correspond to a nanopipette radius of 225 nm, 1 mM Fc in the toluene phase, 8 = 45°, kpr = 10 cm/s, and

klepnr = 0.1 cm/s. The mixing region boundaries are indicated by the red dashed vertical lines.

smaller fraction of the overall electrostatic potential drop occurs within the compact EDL. From
inspection of Figure 6, the driving force for CEPhT is clearly related to the potential gper, implicating the
electrolyte concentration on resultant current-voltage behavior for Fc oxidation. A set of simulated
voltammograms for a 225 nm radius nanopipette containing 1 mM to 200 mM KCI supporting electrolyte,
submerged in a toluene phase containing 1 mM Fc, is shown in Figure 7A, demonstrating a cathodic shift

in the Fc CEPhT wave with increasing concentrations of supporting electrolyte. The predicted effect of
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supporting electrolyte concentration on the apparent kinetics of the Fc CEPhT process was tested
experimentally using SECCM, as discussed above for Figure 2. Importantly, as the nanopipette laser-
pulling process generates a pair of “twin” nanopipettes with nominally identical radii, the effect of
aqueous supporting electrolyte concentration on Fc CEPhT can be directly probed by comparing the
voltammetric response of twin nanopipettes. Discussion of nanopipette characterization and a comparison
of “twin” pipettes containing the same aqueous electrolyte composition are reported in SI Section II.

A set of cyclic voltammograms for the oxidation of 1 mM Fc at the GC/toluene/aqueous
electrolyte three-phase interface is shown in Figure 7B for a pair of nanopipettes containing 0.5 mM
Ru(NH3)s*" and either 0 mM (blue) or 100 mM (red) additional KCI supporting electrolyte. Figure 7B
reveals a significant cathodic shift in the voltammetric response for Fc CEPhT in the presence of 100 mM
KCl, consistent with the simulated response. The slightly increased current associated with Ru(NH;)s>"
reduction in the absence of excess supporting electrolyte is consistent with migration effects previously
reported.?® The order of magnitude agreement in the simulated and experimental currents for Fc CEPhT
allow us to obtain insight on the driving force and operative parameters for concerted CEPhT. The
simulated voltammetry in Figure 7 is presented relative to the pzc of glassy carbon, which has been
previously reported at ~100 mV versus Ag/AgCl. While we do not explicitly measure this value for our
experimental system, the net effect of assuming a pzc of +100 mV versus Ag/AgCl is an anodic shift in
the simulated voltammetric waves by approximately 100 mV. Quantitative fitting of these voltammetric
responses is beyond the scope of this work, requiring full characterization of the pzc at the nanoscale
three-phase cell, the interfacial meniscus geometry under electric fields, electron- and phase-transfer rate
constants, and the role of solvent shell replacement during CEPhT. However, simulated voltammograms
are presented in SI Section VI, demonstrating that changing the nanopipette radius, meniscus geometry,
transfer coefficient, and CEPhT rate constant do not alter our interpretation of the resultant CEPhT

voltammetry.



18

'
)
o

1

KCI Concentration (mM)

—a—200
—~ 60 —=—100
< —a—50
- —=—20
C 40 - —10
g —E:

=

(&}

S
1
}
|
N

0 I —— |

03 04 05 06 07 08
Potential (V vs. pzc)
60

w0
~—

1 mM Fc in Toluene
509" 0.5 mM Ru(NH,),Cl, in Water

40 4
30
20

100 mM KCI

10+
0-
104

Current (pA)

0 mM KCI

0.4 0.0 0.4 0.8
Potential (V vs. Ag/AgCl)

Figure 7. A) Simulated i-E response for the oxidative CEPhT Fc at the electrode/toluene/water three-phase
interface as a function of supporting electrolyte concentration, predicting cathodic shift in voltammetric
profile with increasing electrolyte concentrations. Simulations correspond to a nanopipette radius of 225
nm, 1 mM Fc in the toluene phase, 6 = 45°, kpr = 10 cm/s, and kg ppr = 0.1 cm/s. B) Experimental three-
phase SECCM voltammetry for | mM Fc CEPhT with excess supporting electrolyte of 100 mM KCl (red)
or 0 mM KCI (blue), demonstrating cathodic shift in voltammetric profile with increasing electrolyte
concentration, as predicted in A. For the experimental voltammetry, the nanopipette radius is ~250 nm and
the voltametric scan rate is 50 mV/s.

Mechanism of Fc CEPhT at the GC/Toluene/Water Interface

Within the previous sections, we have modeled the oxidative CEPhT of Fc assuming a concerted
mechanism, where the electron- and phase-transfer steps occur simultaneously at the three-phase
interface, indicated by (i) in Figure 8. However, an alternative mechanism comprising sequential electron-
and phase-transfer steps may be more appropriate when considering solvation dynamics at the three-phase
boundary, analogous to a square-scheme in proton-coupled electron transfer reactions. Classical electron-

transfer processes are accompanied by a reorganization of the solvation shell, changing with the
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perturbation of bond lengths within the redox species, indicated by solvent motion during the ET steps in
Figure 8. A molecule partitioning between liquid phases experiences a full replacement of the solvent
shell as it traverses the liquid/liquid mixing region, shown in the PhT steps in Figure 8. For a sequential
CEPhT mechanism, the reaction can proceed through an initial ET step followed by a PhT step (ii, ET-
PhT) or an initial PhT step followed by an ET step (iii, PhT-ET). At this stage, we cannot determine
whether Fc partially desolvates and chemisorbs to the GC electrode to undergo ET, or if electron transfer
occurs with Fc in the solution phase in a Marcus type process. However, analyzing the kinetics of
sequential CEPhT mechanisms may provide insight on the relative contributions of the ET and PhT steps

in controlling overall reactivity.

Toluene

Figure 8. CEPhT reaction square scheme demonstrating the behavior of the solvation shell during electron-
transfer (blue) and phase-transfer (red) steps at the three-phase electrode/toluene/water interface. The
oxidation of Fcroito Fc'imao can follow a concerted (i), ET-PhT (ii), or PhT-ET (iii) mechanism.
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The above FEM simulations provide a sound foundation to disentangle the CEPhT mechanism
into elementary ET and PhT steps. In light of the observation of a significant EDL spillover into the
toluene phase and the resulting current density beyond the nominal water/toluene interface, we consider
the kinetics of the ET-PhT sequential mechanism where Fc is oxidized to Fc" in the toluene phase and
subsequently transfer across the toluene/water boundary to yield Fc* in water. In this analytical treatment,
the mixing region is not explicitly included. Instead, we consider a sharp nominal interface where the PhT
step occurs —the sequential replacement of individual solvent molecules in the solvation shell as Fc
traverses the toluene/water mixing region is beyond the scope of this present work. Finally, analogous to
the concerted CEPhT mechanism, we assume that the rate of Fc partitioning across the toluene/water
interface is approximately zero due to the low solubility of Fc in water. In summary, we described the

overall CEPhT reaction in this SECCM experiment as

kox kpr
— —

(FO)tor - (FcH) ot - (FC+)aq (Eq. 10)
kred kIIJT

where the ET step takes place in the toluene phase and follows standard Butler-Volmer kinetics (k,, =
kgp - €=M ko = ke - €~ and the phase transfer rates reflect the equilibrium of Fc*

concentrations in the bulk toluene and water phases, kpr/kpr = Klfcq+ =C gc+ (0)/C ¥g+ (o0) — with the

caveat that we are considering C 1¥¥+ (00) to be the concentration of Fc' in the core of the meniscus. Finally,
this section is concerned with the steady state properties of the system, which are reflected in the i-F
voltammograms, but does not include their transient behavior.

To disentangle the elementary electron transfer (ET) and phase transfer (PhT) steps, we
developed an analytical treatment of the flux of molecules undergoing oxidation/reduction reactions with
the electrode (jgr) and the phase transfer along the meniscus water/toluene interface (jp ). Because
supporting electrolyte ions are not soluble in toluene, any measured current in SECCM experiments must
be the result of a reaction that couples electron transfer and phase transfer, taking a neutral Fc in toluene

to an oxidized Fc" in water. This consideration requires the total PhT flux to equal the total ET flux
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@pETjET dQpgr = @A Jent dQa (Eq. 10)
noting that the ET flux is integrated over the plane of electron transfer (PET) and the PhT flux is
integrated over the water/toluene interface (i.e., the surface of the SECCM meniscus). These fluxes are
written as

JeT = kgt [Cl;rc(?) e(-®fm@ — CFTC+ @) e_afn(F)] (Eq. 11a)

jent = kpnr * [CRee (B) = Kpos * Gt (P)] (Eq. 11b)
where the spatial dependence of the overpotential and Fc/Fc* concentrations are explicitly noted. To
simplify notation, we use spherical coordinates with an origin at the intersection of the PET and the
symmetry axis of the nanopipette, and the equatorial plane coinciding with the PET, so the three-phase

interface is located at coordinatesr = R, 8 = g, @ €[0,2m].

A limited set of assumptions — grounded in experimental observables and/or numerical
simulations — is sufficient to describe the ET-PhT process:

(1) Because the EDL spillover effect is localized near the three-phase interface, the driving force
for Fc oxidation within the toluene phase decays rapidly as r > R grows. The absence of current in the
bulk toluene phase (away from the three-phase interface) implies that Fc/Fc™ must be at Nernstian
equilibrium dictated by the potential in this region of the PET — the lack of an EDL in the toluene phase
away from the three-phase interface means the potential drop at the PET is minimal and n ~ —E°.
Inclusion of this equilibrium in an analytical expression for jgr ensures convergence of the integral in Eq.
10.

(2) Mass transport to and away from the interface is not treated explicitly; the steady-state
concentration profiles of Fc/Fc" are based on FEM simulation outcomes.

¢ In water, the Fc* concentration reaches equilibrium inside the meniscus rapidly. Similar to
the FEM section above, Fc solubility in water is approximated as zero, and only the phase

transfer of Fc* is considered.
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e In toluene, the concentration of Fc decreases from its bulk value Cf.(c0) to a value at the
interface Ca.(R); this depletion of Fc is bias-dependent and we represent it with a
monotonic, smooth function Ca.(r) = CL.(R)h(r) + C.(0)[1 — h(r)]. With h(R) = 1
and h(o) = 0. Finally, the concentration of Fc* in toluene is only allowed to deviate from
its Nernstian equilibrium with a sharp spike at the interface, Cgc+ (r) = Ci.() +
C;bc +06(r—R)S (9 - g), where the Dirac delta functions localize this spike at the

intersection of the meniscus and the PET. In essence, Fc*™ does not accumulate in bulk

toluene — it is generated at the interface where the driving force for phase transfer is large.

It is thus possible to compute the integrals in Egs. 10-11 (details in SI Section VII) and arrive at

an expression for the SECCM current

i | _2mkgr kpar §EDL . e—(1-a)fE° 'Cl:“rc(oo) (Eq. 12)

=

nF kpr+ kET'e_af(nd’_EO)

where the term in brackets is the overall CEPhT rate kqgpnr, and &gp; is a scaling variable that represents
the effect of EDL spillover and is determined by the spatially-dependent voltage drop at the PET, n'(r) =

®dm — dper (1), whose value at the interface 74 is set by the EDL in the meniscus.

o T
Eopy = [Cdr 7T, {efn'(r) : [1 +h(r) - (CF_(’” - 1)] - 1} (Eq. 13)

Cre(e0)

It is informative to consider the limiting cases for Eq. 12. As expected, if ET and PhT are both
prohibitively slow, such that kg = 0 and kppr = 0, the overall CEPhT rate approaches zero. If the phase
transfer rate is much slower than the electron transfer rate, then kcgppr = 2mkpprégpre ' F ‘eafMg,
Conversely, if electron transfer is the rate-limiting step then kogppr = 2mkgrégp e~ L~ E °. While
these limits are in agreement with expectations from a sequential process with the presence of a rate-
limiting step, it should be noted that they still include important physical insight related to EDL spillover,

in the form of &gp; .
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To gain a deeper understanding of EDL spillover, we consider the case of a CEPhT reaction
where the potential drop in the insulating phase is highly localized to the three-phase interface and the

reaction is driven by a large overpotential (f74 > 1) that brings the system to a mass-transport limited

regime where the depletion of reactants at the interface is maximized, i.e., Ci.(R) = 0. To simplify this
treatment while maintaining agreement with FEM results, the potential at the PET in the toluene phase is

approximated as an exponential decay with characteristic length scale 171, i.e., n'(r) = 14 e A-R) The

concentration profile of (Fc),; along the PET is also approximated as an exponential, h(r) ~ e FT~R),
with characteristic length scale f~1. We should note that while both of these length scales are dependent
on the geometry of the system, A~1 is short (~2-3 nm) and depends on the electrostatic conditions at the
three-phase interface, and f~1 is larger (~25 nm) and is determined by mass transport. In these

conditions, §gp;, & afngR/A. Together with the limiting cases above (which consider the value of kgr

and kpy7), this result for ;p; suggests that when CEPhT is driven by a large overpotential under strong
confinement and in a mass-transport limited regime, the driving force is predicted to have a linear effect
on k.pppr if limited by ET, but an exponential effect if limited by PhT. Considering that our experimental
SECCM results show an exponential increase in current as the bias grows, these analytical calculations
indicate that a phase-transfer limited sequential ET-PhT mechanism can explain our measurements.
Efforts to control phase transfer in CEPhT by tuning the analyte’s relative solubility in immiscible phases
and the effect of voltametric scan rate are currently underway. Together with numerical FEM calculations
that include a solvent mixing layer and a concerted mechanism, these analytical results identify the
underlying EDL spillover phenomenon driving CEPhT and set the stage for future studies to probe the

molecular-scale, dynamic events in this important class of reactions.

Conclusion
In summary, we propose an electrostatically-driven mechanism for the concerted CEPhT of Fc at

the electrode/toluene/water (KCI) three-phase interface. FEM simulations reveal that EDL spillover from
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the aqueous phase into an interfacial mixing region and the bulk toluene phase in proximity of the three-
phase interface provides a sufficient electrostatic potential drop between the electrode surface and the
PET in the toluene phase to drive Fc oxidation. A concerted CEPhT mechanism is proposed that occurs
within ~1 nm of the three-phase interfacial boundary. Semiquantitative agreement between simulated and
experimental voltammetry, combined with the predicted dependence of the i-E response on supporting
electrolyte concentration supports EDL spillover as the origin of the electrochemical driving force. As the
concentration of supporting electrolyte decreases and the aqueous phase EDL becomes more diffuse, (¢u-
¢ret) at the three-phase boundary decreases and the driving force for CEPhT is lowered. The electrostatic
model presented herein provides the fundamental basis for CEPhT at electrode/electrolyte/insulating-
solvent interfaces where the extent of ET and PhT coupling can be investigated. Kinetic expressions for a
sequential ET-PhT mechanism have been derived, providing the foundation to investigate the
contributions of electron-transfer and phase-transfer kinetics in overall CEPhT reactivity. These results
have implications for various multi-phase electrochemical applications where electron-transfer can be

driven in classically forbidden phases including insulating solvents and gases.

Experimental Methods

Materials

Potassium chloride (ACS grade, Fisher Chemical), toluene (HPLC grade, VWR Chemicals), and
hexaamineruthenium(I1I) chloride (Alfa Aesar) were used as obtained. Ferrocene (98%, Sigma-Aldrich)
was purified by sublimation at ~95° C on a hotplate. All solutions were prepared with 18.2 MQcm
deionized water obtained from a Barnstead Smart2Pure water purification system (Thermo Fisher

Scientific).
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Electrodes and Electrochemical Cell

A 3 mm GC electrode (CH Instruments, Inc.) was used as the substrate working electrode for all
experiments. Prior to SECCM measurements, the GC electrode was polished with an aqueous slurry of 50
nm alumina particles on a cloth polishing pad (Buehler), rinsed with deionized water, and dried under
ambient conditions. Ag/AgCl counter/reference wire electrodes were prepared by submerging a polished
Ag wire (250 um diameter) in bleach for over 20 minutes. Prior to SECCM measurements, the Ag/AgCl
wire electrodes were rinsed extensively with deionized water and inserted into the quartz nanopipettes.
All experiments were conducted using a home-built electrochemical cell with the glassy carbon electrode
protruding through a Teflon baseplate (McMaster-Carr) into an open-top glass cylinder secured to the
baseplate with a Viton O-ring. The GC electrode was secured between the baseplate and a backing plate
by compressing an O-ring around the electrode sheath, forming a leak-proof cell. The Teflon
electrochemical cell was rinsed with pure toluene between experiments and dried under ambient

conditions.

Nanopipette Fabrication

Quartz nanopipettes were prepared using the laser-pulling method with a P-2000 laser puller (Sutter
Instruments). A single-line pulling program (Heat: 480, Filament: 3, Velocity: 30, Delay: 145, Pull: 175)
was used to generate a pair of nanopipettes from a quartz capillary with 1 mm outer diameter and 0.7 mm
inner diameter (Sutter Instruments). This pulling procedure generated pipettes with radii on the order of
200-400 nm, measured from the resistive i-£ response in 1 M KCl; see SI Section 1. Nanopipettes were
filled using Microfil 28G syringe tips (World Precision Instruments) and inspected by optical microscopy

prior to SECCM measurements.

Scanning Electrochemical Cell Microscopy Measurements

SECCM measurements were conducted using a lab-built SECCM workstation controlled using the

Warwick Electrochemical Scanning Probe Microscopy software suite.?* The z position between the
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nanopipette tip and the substrate electrode was controlled with a P-753.3CD piezoelectric stage (Physik
Instrumente, Karlsruhe Germany) controlled with a E-621 Piezo amplifier/ servo controller (Physik
Instrumente, Karlsruhe Germany). The x-y position of the nanoelectrochemical cell was controlled with a
NPYX200-101 dual-axis piezoelectric stage (nPoint, Inc.) using a LC.402 DSP Controller (nPoint, Inc.).
The current measured between the glassy carbon substrate electrode and an internal Ag/AgCl wire
reference/counter electrode was monitored using a Chem-Clamp amplifier (Dagan) and digitized using an
FPGA data acquisition card (PCle-7852R, National Instruments). The current was measured at 2 kHz
sampling frequency and low pass filtered at 1 kHz prior to digitization. Subsequently, the measured signal
was downsampled to 78.125 Hz by averaging 256 data points. Voltammograms were digitally filtered
using a third-order Butterworth low-pass filter with a cutoff frequency of 5 Hz within MATLAB R2021a.
All voltammograms were plotted using Origin 2021b (OriginLab). For a given nanopipette, the average
and standard deviation of the i-E response were calculated from ~4-16 replicate measurements collected
in a hop-scan SECCM approach, wherein a new nanoelectrochemical meniscus cell is generated before

each voltammetric measurement.
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