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We show how microwave microscopy can be used to probe local charge transfer reactions with
unprecedented sensitivity, visualizing surface reactions with only a few hundred molecules involved.
While microwaves are too fast under classical conditions to interact and sense electrochemical
processes, this is different at the nanoscale, where our heterodyne microwave sensing method allows
for highly sensitive local cyclic voltammetry (LCV) and local electrochemical impedance spectroscopy
(LEIS). LCV and LEIS allow for precise measurement of the localized charge transfer kinetics, as illustrated
in this study for a ferrocene self-assembled monolayer immersed in an electrolyte. The theoretical
analysis presented here enables a consistent mapping of the faradaic kinetics and the parasitic
contributions (nonfaradaic) to be spectrally resolved and subtracted. In particular, this methodology
reveals an undistorted assessment of accessible redox site density of states associated with faradaic
capacitance, fractional surface coverage and electron transfer kinetics at the nanoscale. The developed
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Introduction

The study of electron transfer kinetics in electrochemical reac-
tions at the nanoscale has been hampered by instrumentation
challenges related to tiny currents and small frequency band-
width. Its understanding is essential for a range of applications
including molecular electronics," material engineering,
biosensors,® photosynthesis,” supercapacitors,>® and nano-
electronics devices”™® such as DNA nanopores.™

Established electrochemical methods, i.e. cyclic voltammetry
(Cv)™* and electrochemical impedance spectroscopy (EIS)”**
are powerful techniques to study the potentiometric and kinetic
aspects of charge transfer reactions in electrochemistry.

Although these classical methods provide access to impor-
tant information about the ensemble of molecules, they are
insensitive to surface heterogeneity. Scanning Electrochemical
Microscopy (SECM)**™ is a promising technique used to study
electrochemical properties at the interfaces. SECM provides
locally resolved surface analysis regardless of electrode
conductivity. Even though the SECM is sensitive to
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methodology opens a new perspective on comprehending electrochemical reactivity at the nanoscale.

heterogeneities throughout the sample surface, the image
resolution is limited to the pm to sub-pm range.*® This barrier is
due to the limitations in ultramicroelectrode (UME)* fabrica-
tion methods. Atomic force microscopy-based SECM in molec-
ular touching mode (Mt-AFM-SECM) is a desirable approach
enabling electrochemical imaging at the nanoscale with fA
resolution.”* However, it is limited in frequency bandwidth,
and requires a redox cycling mechanism to operate (e.g. moving
redox labeled molecules). Electrochemical-Scanning Tunneling
Microscopy (EC-STM)**** is another high-resolution scanning
probe microscopy (SPM) type that provides in situ monitoring of
electrochemically active molecules.

The topographic resolution of EC-STM is in the sub-nm
range, and the current sensitivity is within the sub-pA range.
While this resolution is difficult to achieve with other tech-
niques, the sensitivity is insufficient to measure current at the
nanoscale. However, as we have shown previously, it is possible
to go beyond this limitation and achieve aA (107 % A)*® sensi-
tivity by using a GHz heterodyne impedance sensing method
combined with the EC-STM. This was technically realized by
integrating a vector network analyzer (VNA) into EC-STM.>* We
will refer to this new type of microscopy as Electrochemical
Scanning Microwave Microscope (EC-SMM). The developed
heterodyne impedance sensing methods have significant
advantages compared to other methods in sensitivity (down to
aA) and specificity (differential impedance is sensed) but also
wide frequency bandwidth.
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Based on this sensing mechanism, we develop in this study
a closed theoretical framework that is used to quantitatively
interpret the EC-SMM data and provide with this an extension
of CV and EIS to the nanoscale. Our results show Localised
Cyclic Voltammetry (LCV), derived from the RF-measurement
signal while applying a potential linear sweep where we can
distinguish between the resistive and capacitive contribution to
the total current with an unparallel current sensitivity. More-
over, using EC-SMM, we demonstrate localized electrochemical
impedance spectroscopy (LEIS) for the first time, allowing us to
individually address the electrochemical process at the different
frequency domains and helping us to eliminate the parasitic
contribution.”*® The analysis method accurately maps the
nanoscale electron transfer kinetics related to the redox
capacitance that previously studied and discussed in literature,
but only based on macroscale measurements.”® Our electro-
chemical study was performed on Ferrocenyl-undecanethiol
(FcC11SH) self-assembled monolayer (SAM) on gold electrode
Au(111) as it provides an excellent platform for investigating
electron transfer kinetics.**°

Results and discussion

RF-electrochemical microscope

The EC-SMM merges the conventional EC-STM with the Scan-
ning Microwave Microscopy (SMM).*"*? In EC-STM, a fixed bias
potential is applied between the metallic probe and the
conductive sample. The distance between probe tip and sample
is in the range of 1-5 nm. For ideal topographical resolution,
the tunnelling distances can be increased or reduced by
increasing or lowering of the apparent tunnelling barrier height
(the bias voltage) or by adjusting the tunneling current (set-
point). These parameters have to be adjusted depending on the
SAM thickness under the tip. The resulting tunnelling current
between the tip and the sample is used as distance feedback
allowing for topographical imaging. The metallic tip is fully
insulated apart from the apex, minimizing any parasitic current
that obscures the tunnelling current. The bi-potentiostat
controls the electrochemical potential between the two
working electrodes, the sample (WE1) and the tip (WE2) with
respect to the reference electrode. This allows maintenance of
a constant potential between the sample and the tip while
applying a linear potential sweep. The function of the bi-
potentiostat is to keep the electrochemical background
currents constant to ensure stable tunneling conditions. The
VNA measures the reflection coefficient Si1(w, V) ~ Z(w, V),
which is related to the impedance Z, as detailed in the Materials
and Methods section.

Probing charge dynamics of the solid-electrolyte-interface

Fig. 1a illustrates the area between the probe and redox-active
self-assembled monolayer (SAM) on the gold substrate. It
shows the distribution of the charges in the SAM-electrolyte
interface, including the double layer and the associated diffu-
sion layer at the SAM and probe interfaces. At GHz-frequencies
Z = Zgo T Zsam contain two contributions, a fully capacitive one
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from the SAM and a complex solution impedance. At
a frequency much larger than the relaxation frequency, the SAM
behaves mainly as a capacitor.

L

Z = ————
! A(K' + iK”)

(1)
In a simple parallel plate case, Z,, depends on area 4, the probe-
sample distance L and, the real and imaginary part of the
conductivity, k, respectively,** by

K= m(m)' (2)
K" = wepeo + 71 n (zn:)z (w1) (3)

As eqn (2), (3) and Fig. S1f show, &’ and «” are strongly
frequency dependent, where 7 represents the Debye relaxation
of the medium, «« ¢o1 can be determined by ko go1 = €520/7, &5 =
78 which is the static dielectric constant, and ¢, = (8.85 x 10~ %)
F m™ " is the dielectric permittivity of vacuum. At low frequen-
cies, the charges appearing on the ferrocene and the metallic
probe are counterbalanced in the solution by ions that form the
electrochemical double-layer extending with a length A5 o \/c™*
into the electrolyte.

The Debye length Ap is in the range of 10 nm for an ionic
concentration of ¢ = 1 mM in NaClO, solution. Provided the
ions can follow the alternating potential and are fast enough to
diffuse in and out of the double layer, it acts as a pure capacitor
Cai(Q,w). For frequencies slower than the relaxation time 74, =
(ApL — A%) — (AsL)/D is typically defined by the distance between
both electrodes L, the diffusion constant D, the Stern layer
length A, and the Debye length A5.** This leads to a time
constant of tq; = 106 ns or f3; = 600 MHz (¢ =1 mM, D = 1.85 X
107°m?®s™ !, Ap = 9.8 nm, L = 30 nm).**

Our SMM-STM probe operating at GHz frequencies and at
very close proximity to the substrate (~1-5 nm) has two
important implications: (1) the double-layer capacitance is too
slow to be sensed at GHz frequencies. (2) The separation
distance between the two electrodes is smaller than the diffu-
sion layer length, and thus the thin double layer approximation
is no longer valid. Instead, the charges Q on the probe and the
sample lead to an increase of the local ion concentration, ¢, and
a decrease of the GHz impedance Z ~ ¢ as we will detail below.

Depending on the oxidation state of the surface-bound redox
species on the sample side, they also expose a surface charge Qg
to the liquid interface, which is associated with a pseudo-or-
faradaic capacitance Cg.*

The faradaic charging current ix(¢) of voltage V(¢) applied
across Crp can be classically described by the following
equation.”

_do_,

i) = 92 dbe (V7))

av T (4)

I'r is the total surface coverage of ferrocene, 6. is the relative
oxidation state, and F is the Faraday constant. Cr is modulated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Experimental setup and electrochemical model between the probe and the sample. (a) Shows a schematic model of the Ptlr probe and the
Fc SAM on Au(111) electrode separated by the NaCLOy,, including the electrochemical double layers forming at the interfaces. The red and the
blue areas represent the gradient of the positive and negative potentials. (b) Is the experimental setup of the broadband electrochemical
microscope. A bi-potentiostat controls the dc potential of the probe and substrate. An additional ac perturbation voltage of 1-70 kHz is applied
to the substrate by the lock-in. The VNA sends out a microwave signal to the probe. The back-reflected signal gets directly down-converted in

the mixer and measured by the lock-in amplifier.

by the ratio between oxidized and reduced species fg. Ix(?) is
a result of the charge transfer from the gold substrate to the
surface-bound electrochemical redox species across the alkyl
chain, as shown in Fig. 1a. It is associated with a charge transfer
resistance Ror. The following differential equation expresses the
voltage dependency and the dynamics of 0¢.>*”

%0fC(V(t)) =k|1 -0 (V)| 1+ ¢ MR (5)

7(t) is the overpotential n(¢f) = V(¢) — V(0), k is the reaction

rate constant defined by k = ko eJ”(”RLT , with k, the first order
rate constant that includes a decay factor to account for the Cy;
thickness. The solution of this first-order differential equation
(eqn (2)) gives the faradaic current induced by the potential
linear sweep, as can be seen in Fig. 2b. Note that the CV's shape
strongly depends on the sweep rate. For sweep rates or
harmonic perturbations faster than k, (i.e. GHz) or 1z = R.Cy
the faradaic capacitance cannot charge anymore. For slower
sweep rates, the current leads to charge Qg(t) accumulation at
the Fe-liquid interface, expressed with the following equation.

O (1) = I'rqbr(2) (6)

The presence of the charges at the solid electrolyte interface
is associated with a local increase of the ion concentration and
thus with a change in k. by*

Ko = ikw,w )
w

© 2023 The Author(s). Published by the Royal Society of Chemistry

Importantly, for frequencies close to the relaxation frequency
of water, k’ and k” are both dependent on the ion concentration
such that the impedance at GHz frequencies changes both its
real and imaginary part (Z ~ ¢). The number of charges that
have to be compensated can be approximated using the image
charge method by

0 = Or(l — Zsaml/Zio1) (8)

which yields under static conditions

_ Q . _ QF X Koo w
FALc, =% FAc,

£sAM
Koo 9
SSAML =+ £Wl’l) ( )
where 7 is the SAM thickness, L is the probe sample distance, ¢,
and egay are the respective dielectric permittivities of water and
the SAM, F Faraday's constant, and c,, = 55.5 M** (see also ESI

Note 27).

Dynamics of the sample-probe system

Following this discussion on the charge sensing mechanism in
the tip-sample region, we visualized the equivalent circuit
models (Fig. 2) and the results of Finite Element Modelling
(FEM) numerical simulations of the whole tip-sample region.
The potential distribution around the tip-sample area is based
on the Nernst-Planck-Poisson equations, calculated at quasi-
static (DC) and GHz frequency conditions. The potential
distribution is plotted together with the equivalent circuit
models at different frequency domains, describing the electro-
chemical dynamics between the tip and the substrate, including
the charging/discharging of the Cr assessed by the EC-SMM. As

Nanoscale Adv., 2023, 5, 659-667 | 661
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Fig.2 Finite element simulation (FEM) and equivalent circuit models resulting in global and localized CV curves. (a) The classical CV is obtained in
the three-electrode configuration at mHz—-Hz frequencies. Localized CVs are measured through variations of the GHz admittance Y (GHz, on the
right) that are related with changes of the local ion concentration between probe and sample. The kHz modulation voltage V. is used to probe Z¢
and its kinetics by demodulating dQ by dV,¢ at w,c and considers the shown equivalent circuit. (b) Simulated global CV of the equivalent circuit
(mHz—Hz domain). (c) Analytical simulation of dQ/dV,. for w,. = 1, 10, 100 kHz corresponding to C,c and G,c/wgc. (d) Calculated double layer and
faradaic charges (dotted lines) and corresponding Y change sensed at GHz frequencies (blue line).

can be seen from the FEM results (Fig. 2a), the electrical
potential distribution at the probe liquid interface is different at
DC potentials than at GHz potentials. The electrical double
layer leads to an exponential potential drop at lower frequen-
cies. At GHz, the effect is less pronounced. The equivalent
circuit models differ depending on the frequency range. At low
frequencies (mHz-Hz), where a potentiostat controls the
voltage, the equivalent circuit model is represented by a solu-
tion impedance Zg,, a geometric capacitance (Cgam) for the
SAM, and a faradaic impedance Zg(V..) summarizing charge
transfer resistance R., and faradaic capacitance Cg(Ve.). A linear
DC voltage sweep results in a current measured by the working
electrode and leads to the CV shown in Fig. 2b which is
described by eqn (5) and reflects the voltage dependency of
Z(Vece)- As discussed above, the faradaic charge Qg and the probe
charges Qp increases the local ion concentration, ¢, and thus
decrease the impedance Z,,. The contribution of the different
charges (dotted lines) is plotted against the applied electro-
chemical potential in Fig. 2d. As can be seen from eqn (9), the
impedance decreases quickly with increasing tip-sample
distances (see Fig. S2 and S3f). Only at <100 nm to the

662 | Nanoscale Adv, 2023, 5, 659-667

surface do the interface charges as a function of the redox
charge become measurable.

To isolate this signal with the EC-SMM an additional kHz
voltage perturbation is applied to the substrate, this leads to
dynamic oxidation and reduction of the ferrocene and charging/
discharging of dQg. A lock in-amplifier (LIA) detects the change

. . dz N
of the GHz wave impedance via and thus the derivative of

ac

the charge in the liquid between the probe and the ferrocene
molecules.

dz  dz dg
dVac B dQ dVac

= Z/RteRe - Z/lmQ/lm + iZ’Rtelm + iZ/lmQ/Re
= Cype +1Gye/W

(10)

Note, that the measured charges correspond to the sum of
probe (Qp) and sample image charges (—Qg):

dQ = dQP(RSOI/Zlot) - dQl(l - Rsol/Ztol) (11)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In Fig. 2c, we show the calculated Cuc(Vee) and Gae(Vee)
spectra based on eqn (1)-(8) for the one-dimensional case of
a redox-active SAM with a thickness of 1.5 nm at a time constant
of 7 = 1 ms. As can be seen, C,. depends strongly on the sample
electrochemical potential and also on the ac-modulation
frequency. Thus, detecting the differential impedance gives us
access to the LCV and LEIS. Additionally, all voltage-
independent contributions are suppressed, which is the
second significant advantage of differential measurement over
absolute measurement leading also to an improved lateral
resolution. In what follows, we will compare the modeling
results with experimental data.

Localized cyclic voltammetry (LCV)

The EC-SMM allows us to study classical electrochemical and
localized information simultaneously. The classical CV is
shown in Fig. 3a and was obtained under potentiostatic control
with a linear potential sweep applied between the substrate and
the reference electrode. The current is measured at the
substrate. As discussed earlier, this current relates to the elec-
trochemical charge transfer, which oxidizes and reduces the
surface-bound ferrocene molecules. We found that the
maximum current of the classical CV (Fig. 3a) is I, = 0.6 pA
cm 2, with a half-wave potential of E;;, ~ 0.24 V vs. Ag/AgCl,
which leads to an average surface coverage of I' = 2.4 £ 0.2
nm > being in agreement with literature.> Simultaneously with
the potential linear sweep, the STM probe recorded the C,. and
Gac/w that is plotted against the voltage sweep in Fig. 3b. The C,.
signal measured at f,. = 16 kHz resolves two arches at V.. ~
0.2 V and V. ~ 0.3 V. The first arch is due to the double-layer
capacitance of the probe, and the second is due to the fara-
daic capacitance of the sample, as we showed in the theoretical
calculations in Fig. 2c and d. Overall, the experimental data is in
excellent qualitative agreement with the simulated data. Inter-
estingly, the G,./w term of the complex capacitance in Fig. 3b,
which corresponds to the loss term, shows a substantial varia-
tion during the voltage sweep.

In Fig. 3c, we calculate from the measured data the corre-
sponding local current of the LCV from the expression

1= 5(Coe — Godw)2 = 5Q' 107 re (12)
where s = 10 mV s~ is the potential sweep rate. To remove the
marked terms in eqn (10), we have rotated the complex data
until they are at a 45° angle. The LCV curve shows high
reversibility with a peak current I, = 16 aA and a half-wave
potential E;,, = 0.2 V. Note that as we have indicated in the
plot, we subtracted a negative current offset contribution from
the probe of I, = 3 £ 0.2 aA corresponding to CP = 300 =+ 20 aF,
which would be in line with a probe surface area of ~100-1000
nm” (see ESI Note 17).

The overall shape of the global CV and local CV is similar;
however, the local CV lacks the shoulder at ~0.2 V which is
related to the superposition of different organizational phases
of Fc*® that are averaged in the global signal.

The forward/backward peak separation of LCV AE, = 16 +
2 mV is similar to the global CV, and the comparison of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of classical and localized CV results. (a) The clas-
sical CV on an electrode area of 0.5 cm? is shown. The CV is highly
reversible, with a redox peak at ~250 mV. The red and the black arrows
mark the applied DC potential for LEIS. (b) Real and imaginary local
capacitance sensed by the SMM. (c) The LCV curve is calculated from
(b) as detailed in the text. All curves were recorded simultaneously at
a potential sweep rate of 10 mV s71.

faradaic currents from the global and local measurements allows
us to determine the sensing area of the LCV more precisely to be
A = 670 & 15 nm?, what would be in line with an exposed probe
radius of ~15 nm (details on the calculation in ESI Note 17).

Localized EIS

While the LCV allows us to study the dependency of the elec-
trochemical charge transfer on the electrochemical potential,

Nanoscale Adv., 2023, 5, 659-667 | 663
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the kinetics can be addressed by local electrochemical imped-
ance spectra (LEIS). Therefore, we acquired the LEIS of the Fc
SAM in Fig. 4 a and b. The LEIS is represented in the bode
diagram and Nyquist plot. The spectra were acquired at two
steady-state potentials (marked in Fig. 3a). The red dots repre-
sent the impedance spectra at the potential of E;,, and the blue
dots at the oxidized state. At E;/, the real part in the Bode plot
shows one clear peak at around f, = 16 kHz and indicates
a second peak below our accessible frequency range (f; < 1 kHz).
The higher frequency f, agrees approximately with the modu-
lation frequency chosen for the LCV and explains the
pronounced signal in the G/w,. channel in Fig. 3b.

30+
& 20}
2 'YL
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0 L L '
1 10 100
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(b) . . .
60t .
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Fig. 4 Experimental results DLEIS, fitted to the analytical simulation (a)
and (b) are Bode plots of C,c and G,c/w, the real and imaginary part of
dQ/dV, respectively. The red circles and lines are the measured LEIS at
Ey,» and the simulated data, respectively. The black circles and lines are
measured LEIS at the oxidation potential and the simulated data. (c) is
the Nyquist plot of (a) and (b).
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Table 1 Results of localized EIS fitting®

Red Eip Ox Lit.
Cp (F em™) 1143 144+15 11+1 —
A (pm?) 0.038 + _

0.002
Csam (WF cm™)  8.18 1-16

(ref. 39 and 40)

Ce (WF em™2) 74431 374455 134 +35 380 (ref. 41)
R (Q cm?) >1000 442 1.6 +5 14 (ref. 41)
R, (Q cm?) 64+10 8742 1245 —

% The used model is described in the text. We calculated Csan assuming
a thickness of 1.5 nm and an ¢, = 7, accounting for the coverage of the
SAM.

Interestingly, we note that the spectra acquired in the
oxidized state show only the relaxation at f; not the one at f; like
the curve acquired at E;j,. This can be understood considering
the developed model in eqn (11) and allows us to extract quan-
titative values of the circuit parameters. Therefore, we model the
total impedance according to the circuit in Fig. 2a with:

Coam+ Cp+ Cp . Cr

Z, =R =
t sol + < ) “F 1+1chtCF

—_— 13
ILL)(CsAM + C;)Cp ( )

If we consider in this model the Csay to be known (see
Table 1), we can calculate the remaining parameters. As shown
in the table, the values agree with literature®** using classical
EIS. The most relevant parameter Cy = 374 uF cm > at E;),
already considers the coverage I'. However, we note that the
quantitative results depend strongly on the value chosen for
Csam- However, in the oxidized state, Cr decreases as expected.
Also, the charge transfer resistance R is within the range re-
ported in the literature and decreases as expected in the
oxidized state. Similar results are observed for the solution
resistance that gets directly modulated by the charges on the Fc.

Finally, the fit allows us to estimate the probing area A; and
the probe aperture radius for this measurement to be R, = 35 £
2 nm.

Conclusions

A heterodyne capacitive sensing method was proposed as
a robust experimental technique in electrochemistry, from
which a localized redox reaction can be resolved through
localized cyclic voltammetry with sensitivity down to attoam-
pere. This level of sensitivity is unparalleled by any other SPM
technique. Additionally, localized EIS was performed for the
first time by EC-SMM, enabling the study of the charge transfer
kinetics at the nanoscale level. This technique has gone some
way toward understanding the electrochemical process at
nanoscale, as illustrated with an archetype molecular redox
system. RF nano-electrochemistry and related analysis could
have important implications for a better understanding of
electrochemical catalysis at the nanoscale, batteries and charge
transport in molecular biophysics.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods

Experimental setup

The experimental STM-SMM setup consists of a Keysight 5400
AFM operated in STM mode using Keysight STM scanner
N9503A with a Pt/Ir probe (80/20). The STM scanner was
modified by removing the front-end including the amplifier and
replacing it with a modified SMA connector and a high quality
coaxial cable that allows for stable connection of the STM probe
and low loss transmission of the microwave to the probe. The
STM probe was prepared by cutting 200 pm diameter Pt/Ir (80/
20) wire and insulating it with apiezon wax. The bi-potentiostat
system consisted of a Pt/Ir counter electrode (CE) (80/20), an Ag/
AgCl reference electrode (RE), and an Au working electrode on
a glass substrate (111) (Arrandee, Germany). The microwave
excitation and sensing is done by a Keysight Vector Network
Analyser (VNA) that is connected to the STM via a signal line
using high quality coax cables. As shown in Fig. 1b, the
microwave signal line includes an impedance matcher and
directional coupler. A bias tee was used to separate the GHz
high-frequency signal from the DC tunneling current that is
measured by a FEMTO (10° Gain) current amplifier.

Electrochemical methods

A single CV assessed the presence of ferrocene. This CV defined
the redox potential with a measured E,, at ~240 mV vs. Ag/AgCl
(Fig. 3a). Following this, impedance measurements were carried
out at the peak current potential and outside the redox window.
DLEIS measurements were conducted by combining an AC
signal (V,.) with a DC linear sweep and then applying the sum
signal to the substrate. The AC signal V,. had an amplitude =
50 mV and a frequency range of 1-70 kHz. The modulated
reflection coefficient S;; was demodulated by the lock-in
amplifier. The output signal is the first derivative of S;4,
where the change in AS;; can be expressed as in the following
equation (see ESI 37 for further information)
ASy; = A€’ AZ(w) = Ae” (R + 1/iwC) (14)
A defines the scaling of the admittance for the measured S,
signal, ¢ is the rotation in the complex plane. LEIS measure-
ments were performed at two potential points to record the
potential derivative of the impedance spectroscopy, dZ(w)/dV,.

Numerical calculation

FEM was performed with COMSOL Multiphysics 5.6 (2D
axisymmetric, Nernst-Plank-Poisson Equations, statics, time
domain, frequency domain perturbation). Simulation geometry
resembles the experimental conditions shown in Fig. 2a. The
model consisted of an STM probe modelled in a truncated
conical shape with a cone angle of 15°. The tip has a spherical
aperture with a radius of 100 nm located at a distance z above
the sample. The SAM was defined as a dielectric layer with
a thickness of 1.5 nm and dielectric permittivity of 2. The time-
dependent charge at the interfaces of the SAM was calculated
from eqn (3) using the boundary ODE interfaces. Meshing size
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was set to 0.1 nm on the apex of the probe and the SAM using
the boundary layer mesh. The voltage sweep was applied to the
probe, and the sample was identical to the experiment for the
time-dependent solution. The upper side of the simulation box
was set to the ground and acted as the reference electrode. The
concentration on the upper side of the simulation box was set to
10 mM. To calculate the GHz capacitance, a harmonic pertur-
bation of 10 mV was applied to the probe, and complex
admittance was calculated. This model calculated the complex
C(V) against voltage sweeps.

The analytical modeling

The analytical modeling that resembles the experimental
measurements was carried out with Wolfram Mathematica 12
and is based on the equivalent circuit model visualized in Fig. 2a.
The double-layer was calculated from the Stern formula. The
geometrical capacitance was defined as dielectric material with
a thickness of 1.5 nm and dielectric permittivity of 2. The low-
frequency dielectric permittivity of the electrolyte was set to 78.
The tip-sample distance was defined as variable z (10-50 nm).
The relaxation time of the electrolyte was set to 10 GHz. The
faradaic current was obtained from the solution of the first-order
differential eqn (2). The time-dependent voltage was defined as
a superposition of linear potential sweep and the perturbation
signal. The tip-sample capacitance and loss are calculated at 1
GHz and then demodulated by fitting with a harmonic function.
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