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Electrochemistry at a single nanoparticle:
from bipolar regime to tunnelling
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This paper is concerned with long-distance interactions between an unbiased metal
nanoparticle (NP) and a nanoelectrode employed as a tip in the scanning
electrochemical microscope (SECM). A NP immobilized on the inert substrate acts as
a bipolar electrode, producing positive SECM feedback. The tip current magnitude
depends strongly on the ratio of the particle and tip radii and the heterogeneous
charge-transfer kinetics. The onset of electron tunneling was observed at very short
separation distances (<2-3 nm) at which the NP behaves as a part of the tip electrode.
The rate constant of the electron-transfer (ET) or electrocatalytic reaction at the NP can
be extracted from either feedback or tunneling current. The tunneling mode of SECM
can be used to investigate heterogeneous reactions occurring at a single NP without
making an ohmic contact with it. This technique can also help elucidate nanoparticle/
electrode interactions in various electrochemical systems ranging from NPs
immobilized on the electrode surface to nanoimpact collision events.

Introduction

Nanomaterial-based electrochemical systems have attracted considerable atten-
tion due to their technological and biomedical applications.*™ Different ways of
coupling nanoobjects to electrodes range from nanomaterial-based films, in
which nanometer-sized building blocks, e.g., nanoparticles (NP), nanorods and
2D nanosheets, are attached to the electrode surface, to single entity collisions of
nanoobjects dispersed in solution with the collector electrode. In both cases an
essential issue is the long-distance interactions between the electrode and
conductive nanoparticles.>” In most cases, a NP is separated from the electrode
surface by some distance determined either by the capping layer thickness or the
thickness of the molecular film deposited on the electrode for NP attachment,® or
that of the passivating layer.® It was previously shown that electron tunnelling
between the electrode surface and a NP can occur over a distance (d) of a few nm.’
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For small NPs, the distance corresponding to the onset of tunnelling increases
with the particle radius (r,).*

Microscopic understanding of electron tunneling between metal NPs and
electrodes is essential for rational design of nanostructured interfaces for sensing
and electrocatalysis. However, measuring and especially varying the molecular
scale NP/electrode distance and the NP potential is not straightforward.> Simi-
larly, the time variation of the separation distance during the NP collision with
the electrode surface is not known, and the shape of the collision transient was
modeled assuming the “binary nature” of electron transfer, ie. the current
switching between zero and the limiting faradaic current when the NP touches the
surface.™

We showed recently that the separation distance can be varied and controlled
on the nanoscale by using a nanoelectrode as a tip in the scanning electro-
chemical microscope (SECM) to approach an immobilized 10-100 nm NP.**> The
metal NPs were immobilized on a flat electrochemically inert surface, which
provided an electrical connection to the particles. In a feedback mode experi-
ment, a nm-sized SECM probe approached a metal NP in solution containing
redox mediator (e.g., a reduced form R; Fig. 1a), and the tip potential (Et) was such
that the mediator oxidation occured at the rate governed by diffusion. With the
NP potential (Ep) determined either by externally applied bias or by the open-
circuit potential of the underlying macroscopic substrate, the oxidized form of
the mediator produced at the tip surface was reduced at the NP surface when the
separation distance (d) became comparable to the tip radius (a). The tip current
(i) increased with decreasing d (positive feedback).

Unlike SECM experiments in ref. 12, in this paper, Au NPs are immobilized
on the insulating substrate surface (Fig. 1B). When the tip is relatively far from
the NP (e.g., >~3-4 nm), the open-circuit NP potential is determined by the
concentrations of the reduced form (e.g., ferrocenemethanol, Fc; initially
present in solution) and oxidized (Fc'; electro-generated at the tip) forms of the
reversible redox mediator, according to the Nernst equation. If the r, is not
much smaller than a, the NP potential can be sufficiently negative to regenerate
Fc species, producing positive SECM feedback at the unbiased substrate.'>*
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Fig.1 Schematic representation of the SECM feedback at the externally biased metal NP
(A) and bipolar feedback at the floating NP (B).
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Fig. 2 SECM tunnelling experiment at a metal nanoparticle. The overall charge-transfer
process involves diffusion of redox species to the NP, faradaic reaction at its surface, and
electron tunnelling between the tip and NP.

The unbiased NP behaves as a bipolar electrode, with the regeneration of
the redox mediator (e.g., Fc' + e~ = Fc) occurring at the top half of the NP
facing the tip, and the opposite reaction (e.g., Fc — e~ = Fc¢') - at the bottom
half of the NP. Here, we develop a theoretical description for the bipolar
response and demonstrate the possibility of kinetic measurements at an
unbiased NP.

The onset of electron tunnelling is expected when the tip approaches a NP to
within d = 1-3 nm (Fig. 2).>>'° When the tip is brought within the tunnelling
distance from the NP, the Ep should shift from its open-circuit value toward the Er
value, and the NP is expected to act as a part of the tip electrode, e.g., by oxidizing
the reduced form of the mediator (Fig. 2). With no voltage applied between the tip
and the substrate, the maximum #r value in this experiment is determined by
diffusion of redox species to the NP surface. Although this process has not yet
been observed in SECM approach curves, the indirect evidence of the tip/NP
tunneling was inferred from extremely high lateral resolution (~1 nm) in the
images of Pd nanocubes.”

Experimental methods and simulations
Materials

Ferrocenemethanol (Fc; 99%, Sigma-Aldrich) was sublimed before use. 4-Ami-
nobenzylamine (99%), trimethoxysilane (95%), acetonitrile (99.8%) NaNO,
(99.99%), KCI (99%), HClO, (70%) and NaClO, (99%) were purchased from Sigma-
Aldrich and used as received. Au NPs (Ted Pella, Inc.), were either 20 nm diameter
(as specified by the vendor; 7.0 x 10" particles per mL) or 100 nm diameter (5.6 x
10° particles per mL) and were stabilized by trace amounts of citrate. The Au-Pt
bimetallic nanorods (~2 pm long and 370 nm diameter)'® were synthesized in
Prof. Michael Ward’s laboratory (New York University). All aqueous solutions were
prepared using ultra-pure water (18.2 MQ c¢m) from the Milli-Q Advantage A10
system (Millipore) equipped with Q-Gard T2 Pak, a Quantum TEX cartridge and
a VOC Pak with total organic carbon (TOC) <1 ppb.

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 210, 173-188 | 175



Faraday Discussions Paper
Fabrication of Pt and C nanoelectrodes

Polished disk-type Pt nanoelectrodes were prepared by pulling 25 pm-diameter
annealed Pt wires into borosilicate glass capillaries with a P-2000 laser pipette
puller (Sutter Instrument Co.) and polishing under video microscopic control, as
described previously.”” The nanoelectrodes were characterized using AFM
imaging and voltammetry.

Carbon nanoelectrodes were prepared by chemical vapor deposition of carbon
inside pre-pulled quartz nanopipettes, as described previously.*®

SECM setup and electrochemical experiments

Voltammograms were obtained with a BAS-100B electrochemical workstation
(Bioanalytical Systems, West Lafayette, IN) inside a Faraday cage. The two-
electrode setup was used, with a 0.25 mm diameter Ag wire coated with AgCl
serving as a reference electrode. SECM experiments were carried out using
a previously described home-built instrument.*® To obtain an approach curve, the
tip electrode was first positioned about 100 um above the substrate surface. To
avoid tip crashing, this process was monitored with a long-distance video
microscope. Then, the tip was moved closer to the substrate in the automated
“surface hunter” mode until the tip current either increased (positive feedback) or
decreased (negative feedback) by ~10%. The tip current was collected during the
subsequent fine approach or voltammetry. The approach velocity was either
10 nm s~ (feedback mode current-distance curves) or 2 nm s~ " (tunneling mode
current-distance curves). All experiments were carried out at room temperature
(23 £2°C) inside a Faraday cage. To prevent hydrogen bubble formation either at
the tip or substrate electrode, the acid concentration in HER experiments was
always less than 40 mM.

Immobilization of mercaptosilane-stabilized Au NPs on glass surface

The surface of a glass slide was modified with a layer of trimethoxysilane by silane
chemistry, as described in the literature.* Briefly, after adding 1 pL trimethox-
ysilane to 40 mL acetonitrile, a glass slide was immersed in solution for 10 min.
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Scheme 1 Geometry of the simulation space and parameters defining the diffusion and
electron tunnelling problems for the disk-shaped SECM tip approaching a spherical NP
attached to the planar insulating substrate.
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The coated glass surface was then rinsed with acetonitrile to remove excess tri-
methoxysilane. The negatively charged citrate-stabilized gold particles were then
attached to the glass surface by immersing the modified glass slide in either 1 nM
(20 nm NPs) or 0.1 nM (100 nm NPs) Au NP solution for 30 min.

Simulations of bipolar NP response and tip/NP tunnelling

Feedback and tunnelling mode SECM experiments at single unbiased NPs were
simulated using a commercial finite-element package (COMSOL Multiphysics
5.2a; see Appendix for details of mathematical models). The geometry of the
system and related parameters are shown in Scheme 1.

Results and discussion
Bipolar feedback and ET kinetics at an unbiased Au NP

The magnitude of positive SECM feedback produced by an unbiased spherical
nanoparticle depends strongly on the ratio of the NP and tip radii (RP = rp/a). A
family of simulated ir—d curves for the diffusion-controlled (Nernstian) mediator
regeneration at the NP (Fig. 3A) shows a gradual transition from the negative to
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Fig. 3 (A) Simulated dimensionless it—d curves for the diffusion-limited feedback
produced by unbiased spherical NPs with different RP values, and (B) representative 2D
concentration distribution of the oxidized species. (A) Dashed curves are calculated for the
pure positive (top) and negative (bottom) SECM feedback at the infinitely large flat
substrate. (B) @ = 30 nm; r, = 50 nm; d = 30 nm; RG = ry/a = 10. The thin lines and red
arrows represent the flux of the oxidized species in solution and electronic current inside
the NP. Er=£° + 0.3 V. it is the steady-state diffusion limiting tip current far away from
the NP (see eqn (11) in Appendix).
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positive feedback with increasing RP. Unlike SECM experiments at an unbiased
disk-shaped substrate, where the substrate radius must be as least ~10a to
produce positive feedback," the ir in Fig. 3A increases at short d when RP = 1.

The corresponding concentration and flux density distributions near the NP
surface shown in Fig. 3B illustrate the bipolar behavior of the NP whose upper half
regenerates the mediator, while the opposite reaction (oxidation) occurs at the
lower hemisphere, resulting in the zero total current at the unbiased NP.

For the finite ET kinetics at the NP, the shape of the current-distance curve is
determined by the values of RP and the kinetic parameter, A = ak®/D, where k° is
the standard heterogeneous rate constant (the transfer coefficient value, « = 0.5,
was used) and D is the diffusion coefficient of the dissolved redox species. Three
series of dimensionless current vs. distance curves simulated for different RP
values and RG = 10 (RG is the ratio of glass sheath radius, 7,, to a) are shown in
Fig. 4. Unlike feedback experiments at an externally biased substrate, the x°
determines not only the ET rate, but also the Ep value. The sensitivity of the shape

il i,

i ir,

d/a

Fig. 4 Simulated dimensionless it—d curves for the finite kinetics at unbiased NPs at
different RP and 2 values. 2 = 0.05 (A) and 25 (B). RP =1 (C).
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of the i;—d curve to A depends on the RP value. The RP values in the range from ~1
to ~1.5 are most suitable for kinetic analysis. The difference between the curves
corresponding to A = 5 (pink) and 25 (red) in Fig. 4C is more significant than that
measured and simulated previously at the flat, externally biased SECM
substrate.* This indicates that rapid heterogeneous ET kinetics can be measured
at unbiased NPs.

An experimental current-distance curve in Fig. 5 (symbols) was obtained with
a Pt tip (@ = 30 nm) approaching 50 nm-radius Au NP attached to the glass
substrate in solution containing 1 mM Fc. This curve fits well the theory for k* =
10 cm s~ (red curve) and is bracketed by theoretical curves simulated with ° =
5 cm s~ (blue) and 20 em s~ (green). This result is in good agreement with the
rate of ferrocenemethanol oxidation previously obtained from voltammograms at
Au nanoelectrodes (kX = 8 + 1 cm s~ ).

Transition from bipolar regime to NP/tip electron tunnelling

Simulated data illustrating the transition from feedback mode SECM response at
an unbiased metal NP to electron tunnelling is shown in Fig. 6. When d becomes
=~2 nm, the Ep gradually shifts from its open-circuit value determined by local
concentrations of redox species towards the Er value (Fig. 6A). The corresponding
sharp increase in the tip current with decreasing d (Fig. 6B) is largely determined
by the decrease in the tunnelling resistance (see eqn (19) in Appendix). For
a Nerstian ET process and the E; value sufficiently extreme, the diffusion limiting
plateau current in Fig. 6B is determined by RP and can be used to evaluate the NP
radius.

The essential differences between the tunnelling and bipolar feedback
responses can be seen by comparing the concentration and current distributions
in Fig. 3B and 6C. In the latter, no mediator regeneration occurs in the tip/NP gap
because both the Ep and Ey are much more positive than E°, and nearly all
mediator species in this region are oxidized. In the tunnelling regime, the NP acts

1.4
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- =20 cm/s

d/a

Fig. 5 Experimental current—distance curve (black squares) obtained with a Pt tip
approaching an Au NP immobilized on the glass surface in solution containing 1 mM Fc
and 0.1 M KCl and theoretical curves simulated for k°, cm s™ = 5 (blue), 10 (red), and 20
(green). r, = 50 nm, a = 30 nm. £1 = 400 mV vs. Ag/AgClL
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Fig. 6 Numerical simulations of tunnelling mode SECM responses at NPs attached to an
insulating support. r, = 50 nm, a = 30 nm. £y = E° + 0.3 V. (A) Ep—d curve; diffusion-
controlled ET at both the tip and NP. (B) it—d curves show the transition from feedback to
tunnelling for Nernstian ET at different RP values. (C) The 2D concentration distribution of
the oxidized species. d = 1 nm. The thin lines and arrows represent the flux of the oxidized
species in solution. (D) The effect of finite ET kinetics on tunnelling SECM i+—d curve. Black
curve — Nernstian ET; red curve—k® = 0.01 cm s,

as a part of the tip electrode, and the same oxidation process occurs at its entire
surface.

The effect of finite ET kinetics on the i—d dependence in the tunnelling regime
can be seen by comparing the red (K = 0.01 cm s~ ') and black (Nernstian ET
reaction) curves in Fig. 6D. The lower tip current in the red curve just before the
onset of tunnelling (e.g., at d = 2 nm) corresponds to the smaller positive feedback
current (¢f. Fig. 4C). At smaller d, the tip current in the red curve remains lower
due to the higher interfacial ET resistance, and at Ex = E° + 0.3 V, its plateau value
is below the diffusion limit.

The above theory was used to fit an experimental current-distance curve ob-
tained with the Fc mediator at an Au NP (Fig. 7). The onset of tunneling is evident
from the sharp increase in the slope of this curve for d = 2.5 nm. At larger
separation distances, the experimental data (symbols) was fitted to the theory for
the bipolar SECM feedback (blue line), while the tunnelling model (red line) fits
well the experimental it—d curve at shorter distances. The tunnelling constant, § =
1.0 A™* (eqn (19) in Appendix) was extracted from the fit. Clearly, the ir~d curve in
the tunnelling region does not agree with the theory based on bipolar SECM
feedback (dashed blue line).

Probing single NP catalysis using the tunnelling mode of SECM

From Fig. 4C, one can see that only a fast faradaic process occurring at an
unbiased nanoparticle can produce significant positive feedback. The open-
circuit NP potential imposed by dissolved redox species cannot be sufficiently
far from the E° value to drive a kinetically slow heterogeneous process, such as the
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Fig.7 Transition from the feedback to tunnelling SECM response. Experimental (symbols)
current—distance curve obtained with a 42 nm-radius Pt tip approaching a 50 nm-radius
Au NP and theoretical curves simulated for the SECM feedback (blue line) and tunnelling
(red line). The solution contained 1 mM Fc and 0.1 M KCL. Er = 400 mV vs. Ag/AgClL.

hydrogen oxidation reaction (HOR), at an Au NP. Accordingly, the tip current
decreased with decreasing d in Fig. 8 that was obtained with the hydrogen
evolution reaction (HER) at the Pt tip. The sharp increase in ir can be seen at short
separation distances, at which Ep approached the Ey value (—700 mV vs. Ag/AgCl),
and HER occurred at the NP surface. It is interesting to notice that the d value of
~2-3 nm corresponding to the onset of electron tunnelling and 8 = 1.0 A~* are
very similar for HER and Fc oxidation (cf Fig. 7 and 8A).

The feedback and tunnelling portions of the current-distance curve in Fig. 8A
were fitted to the theory using the same value of the apparent standard rate
constant for HOR (blue line) and HER (red line) at the Au NP, £° = 0.01 cm s~ ".
The overpotential was evaluated as Eyx — Eryg = Ev + Eﬁg/Agcl — (E%HE — 0.059 x
pH) = —0.7 V+0.1976 V — (0-0.059 x 2.3) = —0.364 V. In this way, heterogeneous
kinetics at the unbiased NP can be evaluated from both bipolar feedback and
tunnelling responses. Another possibility is to perform voltammetry at the NP
surface, as shown in Fig. 8B. The steady-state voltammograms of HER at the Pt tip
in the bulk solution (curve 1 in Fig. 8B) and within the tunnelling distance from
the Au NP (curve 2) were obtained with the much smaller tip and NP than those
used in Fig. 8A (1, = 10 nm, a = 18 nm). The onset of current in curve 1 is ~0.5 V
more positive than that in curve 2, due to the difference between HER over-
potentials at Pt and Au. This approach enables probing catalytic reactions at
a single NP without attaching it to the electrode surface.

The above findings can also be useful for interpreting the results of electro-
chemical collision experiments. For instance, our recent experiments with
a single Ir oxide NP trapped inside a conductive (carbon) nanocavity showed the
frequency of collision events producing spikes of catalytic current (due to the
oxidation of H,0, at the IrO, NP) about six orders of magnitude lower that the
collision frequency predicted by the Einstein’s formula.>® The NPs in a thin liquid
layer adjacent to the solid surface were shown to undergo numerous adsorption/
desorption cycles,> and it was suggested that because of the surface
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Fig.8 Probing HOR and HER at a single AuNP using a SECM operating in the feedback and
tunnelling modes. (A) The experimental current—distance curve obtained with a 42 nm-
radius Pt tip approaching a 50 nm-radius Au NP in solution containing 5 mM HCLlO, and
0.1 M KCl (symbols) and the corresponding theory for the feedback (blue line) and
tunnelling (red line) modes. The apparent standard rate constant, kK> = 0.01 cm s~ was
used for simulating both feedback and tunnelling processes. E+ = —700 mV vs. Ag/AgCL
The inset shows the long-range current distance curve. (B) Voltammograms of HER
recorded at the same Pt tip in the bulk solution (1) and within the tunnelling distance from
the AuNP (2). r, =10 nm, a = 18 nm.

heterogeneity, the NPs can be either weakly or strongly bound at different surface
sites.”® One can hypothesize that measurable current spikes occur during rela-
tively rare strong binding events, while the weak binding events are “silent”
collisions, producing no electrochemical signal. From the results discussed in
this paper, one can infer that a NP approaches the electrode surface to within the
tunneling distance (<2 nm) only during the infrequent, strong binding events.

Electron tunnelling between the SECM tip and a metal nanorod

The tunnelling mode of SECM can be useful for probing electrochemical
processes at non-spherical nanostructures such as nanorods or two-dimensional
catalytic nanoflakes. The faradaic current at a relatively large particle, e.g,
a micrometre-long nanorod (and the diffusion limiting current to it) can be orders
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Fig. 9 Experimental current—distance curve obtained with a 30 nm-radius carbon tip
approaching a 370 nm diameter Au—Pt nanorod. The solution contained 1 mM Fc and
0.1 M KCL. Er = 400 mV vs. Ag/AgCL. The nanorod length is 1-2 um.

of magnitude higher than that at 10-50 nm radius NPs discussed above. The
overall charge-transfer process in Fig. 2 includes two steps, ie. the electron
tunneling between the tip and the NP and the electrochemical reaction at the NP
surface, each of which can be rate limiting. Thus, faradaic reaction is likely to be
the rate-limiting step at a small NP, and tunnelling at a large one.

Approaching a nanorod is technically harder than a spherical NP. In the above
experiments, the top of a spherical NP was significantly above the substrate plane,
allowing the Pt tip to approach it without the insulating sheath touching the
underlying glass surface. However, a significant thickness of the insulating
sheath (e.g., RG = 10) prevents a Pt tip from coming very close to the surface of
a relatively long nanorod. To overcome this problem, carbon tips with a very thin
quartz insulating sheath (e.g.,, RG = 1.1)"® were used in these experiments. In
Fig. 9, the transition from feedback to tunnelling starts at a somewhat longer
distance, ~3-4 nm, and the plateau tunnelling current is as high as 16iy, .
Additional experiments and simulations are needed to clarify whether this value
is equal to the diffusion limiting current of Fc to the NP.

SECM experiments at bimetallic nanorods can potentially be useful for
investigating the effect of the substrate material (e.g., Au vs. Pt) on electrochemical
tunneling. The rate of the heterogeneous reaction at the nanorod/solution
interface and the diffusion current of the redox species to the rod surface
should be the same whether the tip is positioned over the Au or Pt portion. In
contrast, the tunneling currents at Au and Pt may be different due to different
work functions and contact electrification of metal surfaces.*® Thus, the tunneling
mode of SECM may be suitable for high-resolution surface reactivity mapping of
heterogeneous catalysts. These experiments are currently underway in our
laboratory.

Conclusions

Although long-distance electron transfer between the NPs and underlying elec-
trode surface is ubiquitous in electrochemical systems, probing this process as
a function of the separation distance is challenging. Here, we developed
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a tunnelling mode of SECM that allows one to control and vary d with the sub-
nm precision. By fitting experimental current-distance curves to a simple
approximate model, one can describe the transition from the bipolar NP
response producing SECM feedback to electron tunnelling between the tip and
NP. This sharp transition, occurring over the tip displacement of ~1 nm,
involves the change in Ep from the open circuit value to that determined by the
tip potential.

The developed methodology allows one to investigate heterogeneous processes
occurring at a single NP without making an ohmic contact with it. The values of
the heterogeneous rate constant at the NP and the tunneling constant were ob-
tained by analysis of the current-distance curves. Steady-state voltammograms at
a single NP were recorded without attaching it to the electrode surface. These
approaches can enable studying the effects of nanoparticle size and geometry on
electrocatalytic activity in real-world application environments. In addition to
metal NPs, other nanostructures, such as metal nanorods and 2D catalytic
nanoflakes, can be addressed by the SECM tip in the tunnelling mode. An
important question is whether the tunnelling response depends on the nature of
the approached nanostructure; such a dependence would enable high-resolution
reactivity mapping in the tunnelling SECM mode.

Appendix: mathematical models
Feedback mode

In the feedback mode, the tip is held at a potential at which the oxidation of the
solution redox species is diffusion limited, and the generated oxidized species get
reduced at the unbiased NP via a bipolar electrochemical process (Fig. 1B). The
diffusion and electron tunnelling problems were formulated and solved with the
“Transport of Diluted Species” and “Electric Currents” modules of COMSOL 5.2a.
The 2-D axisymmetric geometry was used (Scheme 1), with two simulation
domains for the solution and Au NP. The geometric parameters a, 7y, p, and
d represent the tip electrode radius, glass radius, NP radius and the tip-
nanoparticle separation distance, respectively, and the solution contains
reduced (R) and oxidized (O) forms of the redox species. The stationary diffusion
equation was used for both reduced (R) and oxidized (O) forms of the redox
species in solution:

Fo  10g o .
W ;g @ZO,IZO,R;05r<r5771<2<d+2)’p. (1)
The concentrations of the R and O species in the solution are:

co=0,cg =1mM; 0 =r<r, =/ <z<d+ 2rp, (initial conditions) (2)
and

co=1mM, cg =0;0 = r <a, z=0; (tip surface). (3)

At the nanoparticle surface, the ionic fluxes, Jo and Jg, are defined by the
Butler-Volmer equation:
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F / F /
Jo = Kkocp exp|(1 — a)ﬁ (Ey(r,z) — E )} —K’co exp[—aﬁ (Ep(r,z) —E")|;
Jr=—-Jo; 0=r=ry,,z=d+r,x/r,2 —r* (NP surface) (4)

where Jo = —DoVco and Jg = —DgVcy are the fluxes of redox species, k° and E° are
the standard rate constant and formal potential, F is the Faraday constant, R and
T are the gas constant and temperature, and « is the transfer coefficient (« = 0.5).
Ep(r, 2) is the NP surface potential. By considering the bipolar nanoparticle as an
infinite series of the elementary electrical nodes,” the potential distribution, V5(r,
z) within the NP domain and the electric current density at the NP surface (FJo)
would follow Ohm’s law:

i=—aVVyr, z),

O0=sr=ryd+r,— /1> —r*=z=d+r,+ /1,2 —r? (within NP) (5)

where i is the local current density and ¢ is the metal conductivity. At the nano-
particle surface, V,(r, z) = Ep(r, z) in eqn (4). Other boundary conditions are given
by

co=0,cp=1mM;r,=r<r,z=—lr=r, —1<z<d+ 2r, (simulation space
limits) (6)
Jr=Jo=0;a=r<ry,z=0, (glass insulator) (7)

Jr =Jo=0;0=r<r, z=d+ 2rp,, (insulating substrate) (8)
Jr=Jo=0;r=r, —[<z<0,(glass insulator). 9)

The tip current is then obtained by surface integrating of the flux (/o) at the tip
surface,

it = 27'CFJ Jordr; 0=r=a,z=0; (tip surface). (10)
0

When the tip is positioned far away from the NP, the steady-state diffusion
limiting current is

iT,0 = 4nFDca. (11)

Tunnelling mode

The stationary diffusion equation was used for both reduced (R) and oxidized (O)
forms of redox species in solution:

e 10d¢ &g .
R aZZ=0,1:O,R; O=r<r,—l<z<d+2r,. (12)
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The initial concentration of the oxidized and reduced forms in the solution are

COZO,CRZIHIM;

0 =r<rs, —I<z<d+ 2rp; (initial condition) (13)
As the tip current is diffusion-controlled,
co=1mM, cg =0mM; 0 = r <rg, z = 0; (tip surface) (14)

In the solution domain, other boundary conditions are given by

co=0,cr=1mM;r,=r<r,z=—-Lr=r, - <z<d+ 2r, (simulation space
limits) (15)
Jr=Jo=0;a<r<ryz=0,(glass insulator) (16)
Jr=Jo=0;0=r<r,z=d+ 2r,, (insulating substrate) (17)
Jr=Jo=0;r=r, - =z=0, (glass insulator) (18)

The tunnelling resistance is a function of the separation distance, d*

R = —™ 19

=& (19)

where C; and @ are constants that depend on the experimental conditions. § is
typically ~1.0 x 107" m™*, and C; = 10~ ™ m Q" The tip potential (E1) drops
across the tunnelling resistance (E;), and the AuNP/solution interface (Ep), and the
later component drives the ET process, according to the Butler-Volmer equation:

(- E"),

F /
Jo =k'cp exp|(1 — &) — (E, — E” )} — ko exp{—aﬁ

RT (20)

Jr==Jo; 0=r=r,, z=d+r,x/r,> —r? (NP surface).

The potential drop within the Au NP can be ignored because its resistance is
too small compared to either tunnelling resistance or electron transfer resistance.
Thus, the Ep is essentially constant over the NP surface. The total current (ip) at the
NP can be obtained by integrating the O flux at the particle surface:

ip=F ” JodsS. (21)

The tunnelling resistance connects the tip and the nanoparticle, and thus the
tip potential can be expressed as:

ET:Et+Ep:RtXiP+EP. (22)
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Therefore, by solving eqn (19)-(22) together, the Ep and ip can be calculated at
various separation distance values. The measured tip current additionally
includes the diffusion current of O to the tip surface largely blocked by the NP:

ir=1ip+ ZTCFJ Jordr;0=r=a, z=0 (tip surface). (23)
0
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