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Scanning electrochemical cell microscopy (SECCM) is a powerful nanoscale
electrochemical technique that advances our understanding of heterogeneity at the
electrode—electrolyte interface. In SECCM, dual-channel nanopipettes can serve as the
probe, and a voltage bias between the channels can control the local electrolyte
environment inside the droplet cell via migration and electroosmotic flow (EOF)
between the channels, enabling applications including controlled electrodeposition of
bimetallic nanoparticles with variable compositions. Herein, we show quantitatively how
the voltage bias between the channels modulates the local electrolyte environment via
experiment and finite element modeling. Experimentally, redox molecules of different
charges (e.g., ferrocene derivatives and Ruthenium(i) hexamine) were filled in separate
channels, where their limiting currents at the substrate electrode were used to
distinguish the contribution of migration and EOF. Furthermore, EOF was visualized by
fluorescence imaging. Finite element models were developed to further validate the
experimental results quantitively. We showed that migration is affected by the charge
number of the redox molecule. Meanwhile, EOF is affected by the surface charge on
the wall of the nanopipette and the location of the slipping plane inside the electrical
double layer, which can be tuned by the solution pH and the ionic strength of the
electrolyte, respectively. The experimentally validated model can guide the precise
modulation of droplet cell environment in SECCM, potentially enabling new scanning
modes in SECCM.

Introduction

Revealing the detailed structure-reactivity relationship at electrochemical inter-
faces is critical for advancing the knowledge required for rational design and
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engineering of the interfaces for electrochemical energy conversion and storage.?
Conventional bulk electrochemical measurements often only provide averaged
information about the electrode surface: the heterogeneity of the interfacial
structures and their impact on the reactivity is lost during the ensemble aver-
aging.>* The ensemble averaging effect can be mitigated via electrochemical
imaging."® By dissecting the average ensemble measurement into many local
electrochemical measurements, detailed information about the “hot spots” of
high activity on a particular material can be revealed.>® Scanning electrochemical
cell microscopy (SECCM) is a state-of-the-art electrochemical technique for elec-
trochemical mapping that uses a nanopipette as the probe.”” The nanoscale
droplet cell formed between the end of the pipette and the substrate electrode
surface allows for examining electrochemical activity at local sites with high
spatial resolution, especially when coupled with colocalized structure character-
ization.”®'® For example, SECCM has helped reveal the higher activity for the
hydrogen evolution reaction (HER) on the edge sites on MoS, and enhanced
activity of CO, reduction (CO,RR) at the grain boundaries of Au.""** Electro-
catalytic activity at the single nanoparticle level has been measured as well.****
Additionally, this high-resolution electrochemical technique has been demon-
strated for the electrochemical synthesis of nanostructures of different varieties,
including polymers and metal nanoparticles.*>*

Generally, SECCM uses a single or dual-channel pipette as the probe, which is
filled with a single type of electrolyte to study the local electrochemistry to
synthesize the nanostructure at the substrate.>'> We recently demonstrated the
modulation of solution composition in SECCM by using a dual-channel pipette
filled with different electrolytes in each channel.’® Polarization of the quasi-
reference/counter electrodes between the two channels allows alteration of the
solution composition inside the nanodroplet,"”” which was used to synthesize
bimetallic nanoparticle alloys with controlled variation in composition.’ It is
envisioned that the same principle of solution composition modulation in
SECCM can be broadly applied to other systems, for example, to study the effect of
the local electrolyte environment in electrocatalytic reactions. The mechanism of
solution composition modulation is based on voltage-induced mass transport,
including electrophoretic migration and electroosmotic flow (EOF).* Knowledge
of the extent of contribution of each migration vs. EOF is necessary in quantita-
tively predicting and designing the system for solution composition modulation
in SECCM. However, the mechanism remains to be quantitatively understood."®

In this report, we use both experimental analysis and finite element simula-
tions to quantitatively unveil the contribution of electrophoretic migration and
EOF. Experimentally, we first use different outer-sphere redox-active species with
different charges, including (ferrocenylmethyl)trimethylammonium (FcTMA"),
hexamineruthenium(m) (Ru(NH;)s*"), and ferrocenedimethanol (Fc(MeOH),).
The mass transport limiting current of these redox probe molecules in the vol-
tammogram reports their total flux to the electrode surface,"** and the variation
of charge on the redox molecules allows separation electromigration from EOF.
For example, neutral redox molecules will report the effect of EOF alone with no
contribution from electromigration.' To support the transport mechanism, we
modulate the EOF by changing the ionic strength and pH of the solution.**** The
results are further visualized by fluorescence microscopy. Lastly, finite element

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 257, 264-276 | 265


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00080c

Open Access Article. Published on 29 Caxah Alsa 2024. Downloaded on 19/10/2025 4:48:32 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

simulation is used to quantitatively understand the experimental results, dis-
secting the contribution from different mass transport modes.

Results and discussion

A schematic of the SECCM experiment for solution composition modulation is
shown in Scheme 1. The left channel is filled with 2 mM FcTMA" and 2 mM KCl,
while the right channel is filled with 2 mM Ru(NH;)s*" and 2 mM KCl. Each
channel contains a Ag/AgCl electrode. The left channel is the designated common
ground for all potentials. V; represents the potential difference between the glassy
carbon substrate and the ground Ag/AgCl electrode in the left channel. Vy;,s is the
potential of right channel vs. the left one. A non-zero Vy,;,s induced an electric field
in the solution, with the largest occurring near the pipette opening and the
droplet cell due to the higher local solution resistance. This electric field causes
both migration and EOF, moving the redox molecules between the channels
through the droplet cell.®* When a positive voltage, Vypias, is applied to the right
channel, Ru(NHj;)s*" is expected to move from its own channel to the left channel,
increasing its flux at the substrate-droplet interface, which can be directly
measured as the limiting current at the substrate electrode. Conversely, when
a negative Vi, is applied, FCTMA' is expected to move from the left channel to the
right, increasing its limiting current at the substrate. When 0 V is applied,
negligible EOF or migration between the channels is expected due to the
diminished electric field in the solution induced by V},;,5."* Note that the position
of the ground and the two Ag/AgCl electrodes dictates that the potential of the

Vbias

Ag/AgCI
electrodes
FcTMA*
Ru(NH;)s%* nanopipette
droplet cell —= U V

1
substrate electrode (A |—III

Scheme 1 Schematic illustration of the experimental setup utilized in Fig. 1, where a dual
channel nanopipette containing 2 mM (ferrocenylmethyl)trimethylammonium (FCTMA*) +
2 mM KCl in one channel, and 2 mM ruthenium hexamine() + 2 mM KCl in the other
channel approaches a glassy carbon working electrode. A voltage, V4, is applied between
the substrate and the Ag/AgCl electrode in the FCTMA barrel. A bias voltage, Vyiss, is applied
between the two channels to manipulate the composition of the droplet.
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substrate working electrode (V,,.) would be shifted at different V},;,5 approximately
according to eqn (1),” and all the voltammograms in this paper will be reported
using Vie.

Vwe = Vl - 05 Vbias (1)

Fig. 1a shows the cyclic voltammograms of a dual-channel nanopipette at the
surface of glassy carbon in SECCM. One channel is filled with 2 mM FcTMA®,
while the other channel is filled with 2 mM Ru(NH;)s>" as illustrated in Scheme 1.
When 0 V was applied between the two channels (green trace), essentially, no
electric field was expected through the narrow channel of the nanopipette.
Therefore, no EOF or migration is expected to transport molecules between the
channels. Under this condition, the voltammogram shows two sigmoidal waves:
one for the oxidation of FCTMA" (E;/, = 0.32 V), and the other for the reduction of
Ru(NH;)s*" (E1, = —0.29 V). The sigmoidal shape of each voltammetric wave
indicates that the voltammetric experiment reached a steady state, which is ex-
pected due to the small dimension of the pipette. The limiting current for
Ru(NH,)s*" (iﬁI“n(Nm%H) is 1.6x larger than that for FcTMA", which is attributed to
the higher migration towards the electrode surface due to the higher charge on
Ru(NH;)s*". The presence of two voltammetric waves confirms that both
Ru(NH;)s*" and FeTMA" exist in the droplet at a significant level as expected. At

Vbias = +0.3 V (purple trace), the FcTMA limiting current (£<T™A") decreases by
3+
94% and iﬁ:n(NHS)B increases by 600% compared to Vpjas = 0 V. The observed

increase/decrease in the limiting currents suggests enrichment of Ru(NH;)s*" and
depletion of FeTMA™ SECCM droplet, respectively, which was expected based on
the direction of both migration and EOF. Because both redox mediators are
positively charged, positive Vy;,s will induce migration of Ru(NH3)s>* out of the
channel, and FcTMA" back into its own channel. Under the same condition, EOF
is also expected to induce a flow from the Ru(NH;)s*>" barrel to the FeTMA" barrel
due to the negative fixed charges on the surface of the quartz pipette. Therefore,
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Fig. 1 (a) Cyclic voltammograms of a dual-channel nanopipette containing 2 mM
Ru(NHz)6>", 2 mM KClin one channel and 2 mM FCTMA™, 2 mM KClin the other channel at
different values of Vy,s. Two cycles are shown. (b) The ratio of limiting current (i)
between Ru(NHz)g>* and FCTMA as a function of Vyae.
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both migration and EOF result in the same trend of increasing the flux of
Ru(NH;)s*" to the substrate while decreasing that for FeTMA". The direction of the
migration and EOF can be reversed when the 3Eolarity of Vpias is changed. For
example, at Vy;,s = —0.3 V (blue trace), iﬁ;(NH“)" is decreased by 91% while the
limiting current for FcTMA" is increased by 583% compared to Vs = 0 V, sug-
gesting an enrichment of FeTMA" and depletion of Ru(NH;)s*" in the droplet.

The effect of Vyi,s on the limiting current is quantified by the ratios of limiting
currents as shown in Fig. 1b, which shows a consistent trend of an increasing/
decreasing the ratio of iﬁ:ifNH”f’H vs. F<T™A" with increasing/decreasing Viigs. It
is worth noting the enhancement factor of iﬁ:l(NH")GH at Vpias = +0.3 V (6.0%
compared to Vpias = 0 V) is larger than that for 5T™A" at Vi, = —0.3 V (5.82%
compared to Vyi,s = 0 V). This asymmetry is mainly attributed to the higher charge
on Ru(NH;)s*>" compared to FcTMA" as the two molecules have very similar
diffusion coefficients (see ESI Table S1t)." This result suggests that migration
through the channels plays a significant role in the modulation of mass transport
towards the electrode surface.

To quantitatively analyze the contributions from EOF and migration, we
developed a finite element 3-D model to simulate the concentration profiles and
voltammograms observed in the experiment. The geometry of the model is shown
in Fig. S2.7 The Nernst-Planck equation (eqn (2)) with electroneutrality was used

to describe the mass transport:

ziu; FC;
|=il

In eqn (2), D;, C;, 2; and u; are the diffusion coefficient, bulk concentration,

charge, and ionic mobility, respectively, for each species i. F is Faraday's constant,

Vis the electrical potential, and v is the velocity field. Steady-state solutions were
obtained via:

J,' == _D,‘VC,' —

at

Z,'M,'FC[

|zi]

- C,-v) =0 @)

The fluidic flow is described by the Navier-Stokes equation (eqn (4)), and
electroosmotic flow velocity at the slip plane is described by Helmholtz-Smo-
luchowski equation (eqn (5)).

dv

p oot pr V)= Vp+ vy 4

go&rl
VEOF = 0"7 Eyan (5)

In eqn (4) and (5), p is the fluid density, p is the static pressure, and u is the dynamic
viscosity. Vgor is the slip velocity magnitude at the quartz wall due to EOF, ¢, is the
vacuum permittivity, ¢ is the dielectric constant of the solvent, E,.; is the
magnitude of the electric field tangent to the wall and ¢ is the zeta potential. The
geometry of the simulation is based on the SEM image of the nanopipette as shown
in Fig. S1.1 The detailed simulation parameters are described in ESI Section S2.
The first simulation condition is consistent with Fig. 1: the left channel
contains 2 mM FcTMA" and 2 mM KCl, while the right channel contains 2 mM
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Fig. 2 Simulated steady-state concentration profiles at different Vy,,s for (@) FCTMA at
Viwe = +0.8 V and (b) Ru(NHs)g** at Viye = —0.8 V. A dual-barrel pipette with a 1.2 pm tip
diameter is simulated in 3D, and only the portion near the tip is shown. (c) Simulated CVs
under various biases.

Ru(NH;)s*" and 2 mM KCI. Diffusion-limited current is enforced at the substrate
electrode. Fig. 2a shows the concentration profile for FcTMA" at different Vi,j,. At
Vibias = 0 V, a concentration gradient is observed for FCTMA' in its channel, while
close to 0 mM is observed in the other channel. At V};,s = —0.3 V, a significant
amount of FCTMA" is present in both channels even though it is consumed at
a mass transport limited rate at the substrate electrode. Indeed, 0.9 mM FcTMA"
is found within 4 pm from the pipette opening into the channel where FcTMA*
was initially absent. The enrichment of FeTMA" in both channels and the droplet
is due to its EOF and migration from the bulk solution of FcTMA" to the other
channel through the droplet. At V},;,s = +0.3 V, the direction of EOF and migration
is reversed, and FcTMA' is depleted in both channels in the entire region as
shown in Fig. 2a (3 pm from the substrate). This enrichment or depletion of
FcTMA' directly increases or decreases the limiting current for FCTMA', as shown
in the simulated voltammograms in Fig. 2c. The trend of enrichment or depletion
of Ru(NH;)s>" vs. Vpias is the opposite of the trend for FeTMA" because Ru(NH;)s*"
is in the opposite channel. At Vi, = —0.3 V, the potential in the Ru(NH;)s*"
channel is more negative than the FCTMA"' channel, causing the recession of
Ru(NH;)s*" into the bulk of solution and its depletion in the droplet (Fig. 2b).
Conversely, at Vi, = +0.3 V, Ru(NH;)s*>" is moved from the bulk of the left
channel to the right channel through the droplet and enriched near the electrode
surface. The depletion and enrichment of Ru(NH;)s*>" also show up as a decrease
and increase in the respective limiting current (Fig. 2c). Overall, the simulated
voltammogram in Fig. 2c¢ is consistent with the experimental results in Fig. 1a.
Because the limiting currents in the simulation match those in the experiment
within 15%, we used the simulation results to reveal the contribution from
migration and EOF. At Vi, = +0.3 V, it was found that the contribution of
migration at zﬁﬁfNHs) near the electrode surface is 5x higher than EOF (Fig. 2c).
The case is different for FcTMA", as it was observed that at Vi, = —0.3 V, the
contribution of migration near the electrode surface is only 1.25x higher than
EOF at the mass transfer limiting current. Therefore, migration is the most
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important mode of transport for Ru(NH;)s>", while its contribution is similar to
EOF for FcTMA®, The observation is expected because Ru(NH;)s*>" has a higher
charge (3+), and would be 3 faster compared to FcTMA, which is observed in the
simulation. Any minor differences can likely be attributed to the slight differences
in diffusion coefficients."®

To eliminate the contribution of migration, a neutral redox molecule, ferro-
cenedimethanol (Fc(MeOH),), is used in the proceeding study. A schematic
representation of this experiment is shown in Scheme 2. Under the same electric
field, the magnitude of EOF is directly related to the potential profile in the
electrical double layer (EDL), which can be altered by the surface charge and ionic
strength of the solution.”*** We first change the surface charge on the pipette via
solution pH: at pH below the pK, (~3), the silanol groups (Si-OH) on the glass
surface are neutral. Under this condition, EOF is negligible. In contrast, at higher
PH, silanol groups are deprotonated which results in negative surface charges.
Under this condition, a strong EOF can be induced.

Cyclic voltammograms of the Fc(MeOH),-KCl system at pH = 7 are shown in
Fig. 3a. At this pH, significant increases in limiting current are observed at Vi, =
—0.3 V compared to 0 V, consistent with an EOF flowing from the Fc(MeOH),
channel to the KCl-only channel through the droplet, effectively increasing the
flux of Fc(MeOH), towards the electrode surface. When Vs = +0.3 V, the
direction of EOF is reversed, and therefore, a decrease in the limiting current is
observed. Quantitatively, a 7x increase in the limiting current is observed due to
EOF alone when Vy;,s is switched from +0.3 V to —0.3 V. In the mixed EOF/
migration study in Fig. 1a, iiS™A" is essentially eliminated when switching to
Vbias = —0.3 V. Because of the similar experimental conditions (ionic strength, pH
and pipette size) in these two studies, and the similar diffusion coefficients of
FcTMA® and Fc(MeOH),, the experimental results are consistent with the
conclusions from the simulation: EOF and migration have a near equal

Vbias >0 Vbias <0

M

2 mM Fc(MeOH),
+2mM KCI

2 mM KClI

substrate electrode Q I—"I substrate electrode Q I—III

Scheme 2 Experimental setup for the Fc(MeOH),—KCl system utilized for Fig. 3-5. The
left channel contains 2 mM Fc(MeOH), and 2 mM KCl (dark blue), while the right channel
contains 2 mM KCl (light blue).
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Fig. 3 Cyclic voltammograms of 2 mM ferrocenedimethanol (Fc(MeOH),) at (a) pH = 7
and (b) pH = 1 at Vs = —0.3, 0, and 0.3 V. Each condition shows 2 cycles of
voltammogram.

contribution for FCTMA" at pH 7. At pH = 1, the limiting current for Fe(MeOH),
oxidation is not sensitive to Vi, as shown in Fig. 3b, which is consistent with the
neutralization of the surface charge at a low pH effectively eliminating the
EOF.*"**?5 Because our voltammetric experiment approaches a steady state, the
limiting current for the oxidation of the neutral Fc(MeOH), molecule should have
no migration contribution as has been shown by Amatore et al.*®

The effect of surface charge (via altering solution pH) on &i<™A" at different Vi
is summarized in Fig. 4a. Overall, this increases with pH at fixed V., further
confirm that the higher pH led to a surface charge and zeta potential.****” Note
that buffer concentrations were adjusted to match the ionic strength for pH 3 and 7.
This trend of limiting current vs. Vpias can be reproduced in finite element simu-
lation when assuming different values of zeta potential ({) as shown in Fig. 4b.*
Notably, at pH = 1, the surface charge and ¢ are both 0, eliminating the EOF.

We further validate the contribution of EOF in dual barrel SECCM by changing
the solution ionic strengths (Fig. 5). The EDL is known to be compressed at higher

(@) 8o T T T — (b) 80— T T T r
e=-60mV
o {=-40 mV
% % ag=-20mV
= = +J=0mvV
240 4 240} E
=} 3
(@] (&]
jo)] jo)]
£ £.1 |
X E
- -
0 ] of ) S ShERERy
05  -0.25 0 025 05 05  -0.25 0 025 05
Viias (V) Vhias (V)

Fig. 4 (a) Experimental and (b) simulated limiting currents of 2 mM Fc(MeOH), as
a function of Vy,,s at various pH. Error bars indicate standard deviation in a sample size of
n=4.
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Fig. 5 (a) Experimental and (b) simulated limiting currents of 2 mM Fc(MeOH), with 2 mM

and 50 mM KCl as a function of V,,s. Zeta potentials ({) of —0.08 and —0.03 mV were used
for 2 mM and 50 mM KCl, respectively. Errors bars indicate standard deviation fromn = 4
nanopipettes.

ionic strength, resulting in a steeper drop of the potential in the EDL and
a smaller zeta potential.** Based on this phenomenon, a smaller EOF is expected
at higher ionic strength. Fig. 5a shows the limiting current of Fc(MeOH), at
different V. with 2 mM and 50 mM KClI as the supporting electrolyte. Note the
KClI concentration is the same in both channels, but the left channel additionally
contains 2 mM Fc(MeOH),. As expected, with increased ionic strength, we observe
a smaller change of limiting current in response to Vyi,s, suggesting a lower EOF
at higher ionic strength as expected.**** These results are further confirmed near
quantitatively by the finite element model (Fig. 5b) by adjusting { to match the
literature values of glass in different concentrations of KCI solution.> The small
discrepancies between experimental data (averaged among n = 4 nanopipettes)
and simulation in Fig. 4 and 5 are attributed to uncertainty in diffusion coeffi-
cients, zeta potentials, and exact pipette geometry.

Lastly, we visualized the mass transport tracking a fluorescent dye molecule, 6-
aminofluorescein (6-AF), a under microscope at different V};,s as shown in Fig. 6
and Movie S1.T Because 6-AF is neutral in our solution conditions, it resembles
the Fc(MeOH),-KCl system illustrated in Scheme 2, which serves to probe the
EOF.* At Vyi,s = 0, no visible movement of the fluorescent molecule is observed
(Fig. 6a). As Vs is linearly stepped to +0.5 V, the fluorescent molecule recesses
from the tip into its channel (Fig. 6b—c). As Vj,;4s is linearly stepped to —0.5 V, the
fluorescent molecule moves back to the tip and into the other channel, which is
enriched near the tip (Fig. 6d-g). The motion of the fluorescent molecules is
consistent with the limiting currents in the voltammograms observed experi-
mentally (Fig. 3). After the potential is swept back to 0 V again, the dual channel
pipette returns to its original state, with each channel isolated in its original
contents (Fig. 6h and i).

We further quantify the fluorescence intensity of the upper and lower barrels,
and the locations are indicated on the optical micrograph in Fig. 7a. As shown in
Fig. 7b, lower biases (i.e., more negative Vj;,s) result in higher intensity in the
upper barrel. Meanwhile, the fluorescence intensity also increases in the lower
channel, consistent with the EOF-assisted transport of the fluorescent molecule
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(a) Vbias = 0 V (b) Vbias = 0'2 V (c) Vbias = 0'5 V

10 mM 6-AF + 2 mM KCI

2 mM KCI

20 pm

(d) Vyoe =02V () Vioe =02V

(9) Viius =-0.5V (h) Vyias =-0.2V (i) Vyias =0V

Fig.6 Fluorescentimaging of mass transport in a dual-barrel pipette at different Vy,s. The
upper lumen contains 10 mM 6-aminofluorescein (6-AF) and 2 mM KCl, and the lower
lumen contains 2 mM KCl only. Scale bars: 20 um. The micrographs were collected from
Movie S1.§

(b) 300 T T
~ —&-upper barrel
) -8-lower barrel
8200
2
‘@
@ 100}
£
0
20 ym -0.5 0 0.5

Vbias (V)

Fig.7 Quantification of mass transport of 6-AF in a dual-channel pipette. (a) Fluorescence
micrograph with two tracking dots on the upper (red) and lower (blue) barrel for quanti-
fication of intensity change with Vy,.s. (b) Fluorescence intensity in the tracking dots as
a function of Vj,;5s throughout the experiment.

through the droplet at the pipette tip into the other barrel. In contrast, at more
positive Vyias, the fluorescence intensity in each channel decreases. Both obser-
vations agree with the limiting currents observed in the voltammetric experi-
ments. Note that pipettes with larger openings (5 pm in diameter) were used in
the fluorescent experiment to afford a higher optical signal.

Conclusion

In this study, we characterized the contributions of migration and electroosmotic
flow induced by electrochemical redox molecules in dual-barrel SECCM. We
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showed that at neutral pH, migration makes the major contribution when the
species is highly charged, while the contributions of migration and EOF are
similar for singly charged species. Furthermore, our experimental approach
incorporated fluorescence imaging alongside finite element simulation, offering
a comprehensive visualization and understanding of the contribution of these
mass transport phenomena. We anticipate that this integrated methodology
holds great promise for advancing research not only in electrochemical synthesis
but also in the localized exploration of kinetics pertinent to electrocatalytic
reactions and in correlative detection studies. Additionally, our findings suggest
new avenues for precise modulation of reaction flux at the nanoscale, thereby
enriching the landscape of electrochemistry.

Experimental
Chemicals and materials

The following chemicals were used in the experiments: hexaamminer-
uthenium(m) chloride (Thermo Fisher Scientific), (ferrocenylmethyl)trimethy-
lammonium chloride (Tokyo Chemical Industry), 1,1'-ferrocenedimethanol
(Sigma Aldrich), 6-aminofluorescein (Sigma Aldrich), potassium chloride (Fisher
Chemical), sodium phosphate monobasic (Fisher Chemical), sodium phosphate
dibasic (Fisher Chemical), hydrochloric acid 70% (Millipore Sigma), and deion-
ized (DI) water (18.2 MQ cm, synergy water purification system). Silver/silver
chloride (Ag/AgCl) wires were used as quasi-reference counter electrodes
(QRCE) and were prepared by immersing an Ag wire (0.25 mm diameter, 99.9%
metals basis, Thermo Scientific) in a bleach solution and sonicated for 5 minutes
followed by 1 minute of sonication in DI water.

Nanopipette fabrication

Dual channel nanopipettes were prepared using theta quartz capillaries (QT120-
90-7.5, Sutter Instrument). The pulling parameters were HEAT = 700, FIL = 4,
VEL = 40, DEL = 130, and PUL = 30 for line 1 and HEAT = 650, FIL = 3, VEL = 30,
DEL = 130, and PUL = 100 for line 2.

SECCM measurements

The SECCM experiments were performed on an in-house assembled scanning
electrochemical probe system. The vertical movement of the pipet was controlled
by a one-axis piezo-positioner (NPX 25-105, nPoint), and the x-y movement of the
substrate working electrode was controlled by a two-axis piezo-positioner (P-
622.2CD, Physik Instrumente). The scanning probe system was mounted on
a vibration isolation platform (25BM-6, Minus K Technology) and enclosed in
a custom-built Faraday cage. Voltage control and current measurements were
achieved by Patch-clamp amplifiers (HEKA EPC10 USB with S-Probe, Harvard
Bioscience Inc.) and DDPCA-300 (FEMTO). Data acquisition was accomplished via
FPGA card (USB-7855R, National Instruments) and interfaced with the Warwick
Electrochemical-Scanning Probe Microscopy Platform (WEC-SPM) software,
which was kindly provided by the Warwick Electrochemistry & Interfaces Group
(WEIG).
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Fluorescence measurements

Fluorescent and optical microscopy measurements were performed using
a microscope (Eclipse TE2000-U Microscope, Nikon). Image focusing was
accomplished using an objective lens (Plan Fluor 20%/0.5 NA 2.1 mm WD, Nikon).
Wavelengths for excitation were accomplished by a lamp (X-Cite Series 120 Q,
Excelitas Technologies) and a filter (Green Interference Filter 33 mm with slider,
Nikon). Bias voltages for fluorescent imaging were controlled with a source meter
(6430 Sub-Femtoamp Remote SourceMeter, Keithley). Images and videos were
collected via software V++ (Digital Optics) and Bandicam (Bandicam Company),
respectively.
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