
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 8

:4
4:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Unravelling the l
Laboratoire de Physique de la Matière Co

Paris, Route de Saclay, 91128, Palaisea

polytechnique.edu

† Electronic supplementary informa
10.1039/d1sc03646g

‡ Present address: Institute for Health
University of Singapore, Singapore 117599

Cite this: Chem. Sci., 2021, 12, 12494

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th July 2021
Accepted 16th August 2021

DOI: 10.1039/d1sc03646g

rsc.li/chemical-science

12494 | Chem. Sci., 2021, 12, 12494–1
ast milliseconds of an individual
graphene nanoplatelet before impact with a Pt
surface by bipolar electrochemistry†

Zejun Deng ‡ and Christophe Renault *

Contactless interactions of micro/nano-particles near electrochemically or chemically active interfaces are

ubiquitous in chemistry and biochemistry. Forces arising from a convective field, an electric field or

chemical gradients act on different scales ranging from few microns down to few nanometers making their

study difficult. Here, we correlated optical microscopy and electrochemical measurements to track at the

millisecond timescale the dynamics of individual two-dimensional particles, graphene nanoplatelets (GNPs),

when approaching an electrified Pt micro-interface. Our original approach takes advantage of the bipolar

feedback current recorded when a conducting particle approaches an electrified surface without electrical

contact and numerical simulations to access the velocity of individual GNPs. We evidenced a strong

deceleration of GNPs from few tens of mm s�1 down to few mm s�1 within the last mm above the surface.

This observation reveals the existence of strongly non-uniform forces between tens of and a thousand

nanometers from the surface.
Introduction

Interaction between particles and surfaces is ubiquitous in
biology and chemistry.1–4 Forces controlling the approach of
a single platelet from a blood vessel or a single active metal
nanoparticle from an electrode control strongly the efficiency of
the interaction and thus need to be precisely understood.5,6

Observation of both close- and long-range forces on individual
particles with dynamics of few ms is an extraordinarily chal-
lenging task. Single entity electrochemistry proved to be
a powerful method to study individual nanoparticles.7–12 The
high temporal resolution of electrochemical measurements
allows probing dynamics of electro-catalysis,13–17 electrol-
ysis,18–23 electro-nucleation and growth,24–30 as well as motion of
individual particles.31–35 For example, several groups showed
that Ag nanoparticles (Ag NP) may rebound several times on the
surface of the electrode before being completely oxidized.20,21,23

White and coworkers showed that the dynamics of the rebound
controls the overall kinetic of Ag NP oxidation and can be tuned
by adjusting the viscosity of the solution.36 These works revealed
the potential complexity of nanoparticle dynamics near
a surface.
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Uncovering the complexity of nanoparticle dynamics oen
necessitates the combination of electrochemistry with optical
techniques. Among the different optical techniques used so far
are 3D super-resolution holography,18 surface plasmonic reso-
nance microscopy,37,38 backside absorbing layer microscopy
(BALM),32 uorescent microscopy,19 dark-eld microscopy,39,40

and many others.12,41 For example, Tschulik and coworkers
combined dark-eld microscopy and hyperspectral imaging
with electrochemistry to study the oxidation of single Ag NP in
the presence of chloride ion.39 They observed that the intensity
decrease of the optical signal is caused by the reversible
formation of AgCl rather than by Ag dissolution. Kanou and
coworkers utilized BALM to image the reduction dynamics of
single silver halide NP and visualized that the NP conversion
proceeds to completion through the formation of multiple
inclusions rather than by the classical core-shrinking
mechanism.32

Recently, Thorgaard and Lemay's groups observed complex
toroidal trajectories of uorescent particles revealing electro-
osmotic ow near an ultra-microelectrode (UME) under sup-
porting electrolyte of low concentrations.33,34 We also showed
that two-dimensional (2D) graphene nanoplatelets (GNPs)
collide on the surface of a UME with a preferential up-right
orientation and then, rotate at few � per ms to lay at on the
electrode surface.35 Up to now monitoring dynamics of indi-
vidual nanoparticles by single entity electrochemistry required
electrical contact and thus could only provide indirect infor-
mation on particle motion when this latter is not in contact with
the surface of the electrode.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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In this article, we combined time-resolved bright-eld
microscopy and electrochemistry with nite element simula-
tion to investigate in a contactless mode the motion of indi-
vidual GNPs at few mm above the surface of a UME. The contact-
less tracking of GNPs is based on a novel concept of transient
bipolar feedback. We investigated the effect of viscosity on the
velocity of GNP approaching the UME and determined velocity
proles of single GNPs with a time resolution of ms and span-
ning from a couple of microns to solely few tens of nanometers
away from the surface of a Pt micro-interface.

Results and discussion

Fig. 1A shows a typical SEM image of a GNP ca. 15 nm thick and
3.2 � 2.0 mm long (see Fig. S3†). Fig. 1B shows the experimental
setup used to monitor the approach of individual GNPs toward
the surface of the Pt UME. The UME is facing downward with its
surface positioned 300 mm above a coverslip closing the bottom
of the opto-electrochemical cell. A two-electrode setup is used to
apply a potential andmeasure the current. The Pt UME is biased
at 0.4 V to drive mass-transfer limited oxidation of 1,10-ferro-
cenedimethanol (FcDM). The camera and the ammeter are
synchronized externally and the data is collected at 1 kHz and 2
kHz, respectively (see Fig. S5†). Fig. 1C shows a typical chro-
noamperogram starting with a steady-state current of 4.702 nA
corresponding to the oxidation of FcDM on Pt. At 0.772 s, the
current starts to rise reaching 5.18 nA at 1.5 s (red trace).
Aerwards, the rise is followed by decay aer 1.500 s. Such
current transients are never observed in absence of GNP (see
Fig. S6†). Fig. 1D shows simultaneous optical micrographs of
the Pt disk, and the full movie is provided in Movie S1.† The Pt
disk looks dark while the GNP looks bright. At 0.500 s a white
Fig. 1 (A) SEM image of a GNP adsorbed on a Si substrate. The scale bar
simultaneously record a video of the surface of a 5 mm radius Pt UME and
FcDM, respectively. (C) Chronoamperogram recorded at 2 kHz with the
FcDM, 0.01% v/v PSS and 0.43 mg mL�1 GNP. The supporting electrolyte
recorded in synchronization with the chronoamperogram in (C). The re
position where the GNP first touches the Pt surface and then the edges
provided in Movie S1.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
shadow appears on the top le side of the micrographs.
Progressively the edges of an individual GNP can be distin-
guished. At 2.000 s the GNP lays down on the Pt surface and
does not move anymore allowing to capture a sharp image of
the edges of the GNP (the contour of the GNP is highlighted by
the yellow dashed line). The red points on all the micrographs
were incrusted to evidence that the top side of the GNP appears
sharp and does not move anymore aer ca. 1.500 s. At that time
the top edge of the GNP is touching the Pt surface while the rest
of the GNP is still in solution, out of focus. We recently
explained how the rotation of a GNP, once in contact with the
UME, can lead via area amplication to current decays such as
the one observed aer 2.000 s (blue portion of the curve shown
in Fig. 1C).35 However, a far more surprising observation here is
the increase of current before the GNP enters in contact with the
UME.

Fig. 2(A–C) show representative current spikes recorded for
different GNP suspensions having different viscosity. The
viscosity was varied from 1.0 to 8.8 mPa s by the addition of
glycerol (see Fig. S7†). Fig. 2D shows the average rise time of the
current spike as a function of the viscosity of the solution.
Higher viscosity leads to a longer current rise time. Since the
motion of the GNP is directly affected by the viscosity of the
solution, we conclude that the rise of the current transient and
the motion of the GNP are correlated.

To explain our observation, we propose the existence of the
positive feedback mechanism powered by bipolar electro-
chemistry, as shown in Fig. 3A. The GNP behaves as a bipolar
electrode. FcDM (species “R” in Fig. 3A) is oxidized at the
extremity of the GNP the furthest in solution while FcDM+

(species “O” in Fig. 3A) is being reduced back to FcDM at the
extremity of the GNP closest from the UME. The regenerated
represents 1 mm. (B) Scheme of the opto-electrochemical cell used to
the current passing through this latter. O and R represent FcDM+ and
Pt UME biased at 0.4 V vs. Ag/AgCl 3.4 M KCl in presence of 3.5 mM
is 10 mM NaOH. (D) Bright-field optical micrographs of the Pt surface
d points and yellow dashed lines are manually drawn to indicate the
of the GNP, respectively. The simultaneous movie and current trace is

Chem. Sci., 2021, 12, 12494–12500 | 12495
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Fig. 2 Representative current transients in the presence of (A) 0, (B) 10
and (C) 30% v/v glycerol, with a viscosity of 1.0, 2.1 and 8.8 mPa s,
respectively. (D) Statistical analysis of the average duration of the
current rise. (**p < 0.01, ****p < 0.0001).

Fig. 3 (A) Schematic illustration of the bipolar feedback mechanism o
a distance d from the UME. (B) Concentration profile of FcDM+ near the U
FcDM+. (C) Potential profile calculated from the concentration profile in
along the z-axis of symmetry and the arc length of the GNP (schematically
length and the cord of a spheroid. The green and black traces are obtain
driving force (black trace on the left axis) generated from the potential di
The anodic and cathodic current densities are plotted in red and blue, res

12496 | Chem. Sci., 2021, 12, 12494–12500
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FcDM can diffuse to the UME and be oxidized again hence
increasing the anodic current. Positive feedback has been evi-
denced with SECM tips approaching unbiased conducting
substrates42–44 as well as networks of micro-ring electrodes at the
bottom of a well in proximity with a high-area gold layer that is
not electrically connected to the ring electrodes and le oating
at the potential of the solution.45,46

To support our hypothesis, we performed 2D axial numerical
simulations describing the oxidation of FcDM on the UME in
presence of a spheroidal conducting GNP, as depicted in
Fig. 3A. We choose a prolate ellipsoid shape of GNP to allows for
2D simulations, while preserving the trends expected for a 3D
system (see ESI†). The presence of a conducting GNP locally
disturbs the concentration prole of FcDM+ (see Fig. 3B). These
changes are not observed in presence of an insulating analog
(see Fig. S10A†). Interestingly the concentration of FcDM+ and
FcDM remains constant (orange color) over the entire surface of
the GNP, and the ux of FcDM+ increases strongly between the
n a “model” spheroidal GNP of length L and width W positioned at
ME at a steady state where the black lines represent the normal flux of
(B) via Nernst equation. The scale bar represents 2 mm. (D) Potential
shown on top). The actor 1.05 comes from the difference between the

ed for a conducting GNP and an insulating analog, respectively. (E) The
fference in (D) allows passing a current density shown on the right axis.
pectively. The total bipolar current flowing through the GNP is 331 pA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The blue points are experimental data while the red lines are
curves fitted on the data to guide the eye. Simulated bipolar current,
iBPE, as a function of (A) the initial concentration of [R] and (B) the
standard electron transfer rate constant k�. The fits in (A) and (B)
correspond to the equations Y(x) ¼ 88x (R2 ¼ 0.9999) and Y(x) ¼ 334.2
� x/(0.067 + x) (R2 ¼ 0.9999), respectively. (C) Bipolar current simu-
lated for L¼ 5 mm tall andW¼ 1 mm large spheroidal GNP positioned at
d above the surface of a ¼ 5 mm radius UME. The red line corresponds
to the equation Y(x) ¼ 57.8 e�x/0.033 + 346.6 exp�x/0.94 + 15.4 (R2 ¼
0.9998). (D) Bipolar current simulated for a W ¼ 1 mm large spheroidal
GNP positioned at d ¼ 0.5 mm above the surface of a ¼ 5 mm radius
UME as a function of the length L of the GNP. The red line corresponds
to the equation Y(x) ¼ �1717.8 e�x/4.3 + 1698.2 (R2 ¼ 0.9988).
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bottom of the GNP and the UME (higher concentration of ux
lines) indicating positive feedback for the UME in agreement
with our observation. Fig. 3C presents the potential map
calculated from the concentration prole via the Nernst equa-
tion. The variation of [O]/[R] in the diffusion layer by 2–3 order
of magnitudes produces a difference of potential on the order of
120–180 mV near the Pt surface. A fraction of this potential
difference will provide the electromotive force to drive faradaic
reactions at both ends of the GNP in an attempt to locally reach
chemical equilibrium. The equilibrium is reached when the
concentrations at both ends are equal. As found in our simu-
lation the potential within the GNP is constant and oats at
about 17 mV (vs. E�

FcDM+/FcDM) (gray color in Fig. 3C).
The potential along the arc length of the GNP is plotted in

green in Fig. 3D, while the potential computed for an insulating
analog is in black. The difference between both potentials
provides the driving force for the oxidation/reduction of FcDM/
FcDM+ at the surface of GNP. The computed driving force (h,
dened as the potential of the GNP vs. E�

FcDM+/FcDM) for the
oxidation/reduction of FcDM/FcDM+ at the GNP surface is
plotted in Fig. 3E (black trace on the le axis). It follows
a logarithm relationship with the position along the GNP
because of the non-linear concentration prole of FcDM/FcDM+

in the diffusion layer of the UME. Importantly, the sign of the
driving force changes near the center of the GNP. As a result,
both anodic and cathodic currents are expected to ow on the
same object, as shown in red and blue traces on the right axis in
Fig. 3E, respectively. The integration of the anodic and cathodic
current densities along the entire surface of the GNP leads to no
net charging of the GNP (as imposed in our model).

The simulated bipolar current, iBPE, owing through the GNP
is a function of multiple experimental parameters. It depends
on the concentration of the redox species, the kinetics of elec-
tron transfer, the distance between the GNP and the UME, as
well as the size of the GNP. We computed iBPE as a function of
the initial concentration of [R] as well as the initial bulk [O]/[R]
ratio in solution. The bipolar current is proportional to the
initial concentration of [R] (see Fig. 4A) but independent of the
initial bulk [O]/[R] ratio (see Fig. S11†). In practice, it is advan-
tageous to maximize the current at the UME by using a high
concentration of redox species. The presence of the other form
of the redox couple (FcDM+ in our case) does not affect the
bipolar current since the driving force for bipolar electro-
chemistry does not depend on the bulk [O]/[R] ratio at a certain
position but the difference between the bulk [O]/[R] ratio and
the local [O]/[R] controlled by electrochemical transformation at
the surface of the electrode. On the other hand, the choice of the
redox couple can drastically inuence the kinetics of the elec-
tron transfer and in return iBPE. Fig. 4B shows iBPE as a function
of k�. For a nernstian system (like FcDM+/FcDM), iBPE is limited
by mass transfer. As k� decreases below 0.01 cm s�1, iBPE
decreases by two orders of magnitude. Sluggish electrochemical
reactions (i.e. oxidation of hydrazine on carbon47) should thus
be avoided. A fast redox couple such as metallocene compounds
is best suited.

We will now examine how the size and position of the GNP
affect the bipolar feedback current. Fig. 4C shows the bipolar
© 2021 The Author(s). Published by the Royal Society of Chemistry
current as a function of the GNP-UME distance normalized by
the radius of the UME, denoted as d/a. The bipolar current
follows a bi-exponential decay as the GNP is further away from
the surface of the UME. Bipolar current is on the order of
hundreds of pA when the GNP is closer than one electrode's
radii from the surface. Fig. 4D shows the bipolar current as
a function of the length of the GNP relative to the size of the
UME, denoted as L/a. The distance between the bottom of the
GNP and the surface of the UME is constant (0.5 mm). The
longer is the GNP and the higher is the bipolar current. This
latter tends toward a plateau when the length of the GNP equals
about ve times the radius of the UME. The variation of driving
force at the GNP explains this trend. When the GNP is small
compared to the size of the diffusion layer at the UME
(proportional to the radius of the UME), the potential gradient
explored by the two extremities of the GNP is small and so is the
driving force. On the other hand, once the GNP explores most of
the diffusion layer (95% of the concentration gradient is con-
tained within two UME's radius) no signicant gain in driving
force is possible.

As a matter of fact, only a fraction of this bipolar current will
lead to a positive feedback current at the UME. Fig. 5A shows the
simulated bipolar feedback current (relative to its value in
absence of GNP) at various adimensional distances, d/a, from
the UME. The red line is a combination of exponential functions
adjusted on the blue dots. As the GNP is approaching the UME
at less than one electrode's radius the feedback rises from 0.1%
up to a couple of % at 50 nm from the UME. The closer the GNP
Chem. Sci., 2021, 12, 12494–12500 | 12497
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Fig. 5 (A) Simulated bipolar feedback current (blue dots) versus
normalized distance between the UME and the GNP. The red line
results from the adjustments of the function Y(x)¼�0.4 + 7.7 e�x/1.23 +
17.8 e�x/0.005 + 11.1 e�x/0.07, R2 ¼ 0.9998. (B) Velocity profile of the
GNP obtained by calculating the time-derivative of the GNP-UME
distance found from the simulated approach curve in (A). The red line is
smooth of the black points (adjacent-averaging window 205 points,
reflect boundary).
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the stronger is the feedback current. This trend is caused by two
phenomena. First, as the GNP is further away in solution the
bipolar current decreases (see Fig. 4C). Indeed, the driving force
drops as the concentration gradient fades away in solution.
Second, as the GNP is further away in solution the collection
efficiency decreases (see Fig. S12†).

This bipolar feedback mechanism is expected to occur for
extremely small objects as long as these latter are good electrical
conductors. We performed a numerical simulation for a nano-
scale GNP (L¼ 20 nm,W¼ 4 nm) positioned at 10 nm above the
surface of a 20 nm radius electrode hence keeping the propor-
tions similar to the micrometric GNP. A detailed discussion is
provided in ESI (see Section 12†). The simulated current feed-
back drops to 0.1 pA, a value on the same order of magnitude
than the noise level (for a state-of-the-art electrochemical setup
with a bandwidth of a ca. kHz). A low noise setup in combina-
tion with a nanoelectrode should enable the detection of objects
down to few tens of nanometers with a temporal resolution of
the order of few ms.

We used the red line in Fig. 5A as a simulated approach curve
to deduce the distance between the GNP and the UME at every
time during the chronoamperogram shown in Fig. 1C (red part)
and then, calculated the derivative with respect to time to obtain
12498 | Chem. Sci., 2021, 12, 12494–12500
the instantaneous velocity of the GNP along the direction normal
to the surface (Vz). The velocity Vz is plotted in Fig. 5B in black as
a function of d (on a semi-log scale). At several mm from the
surface of the electrode, the GNP seems to accelerate and then, at
d ¼ 2 mm decelerate from 15–20 mm s�1 to few mm s�1. Another
velocity prole obtained for a different GNP and showing
a similar trend is provided in Fig. S13.† The movie is provided in
Movie S2.†While the uncertainty on themeasurement is large far
from the UME, the process of deceleration benets from the high
sensitivity of positive feedback at short distances. A deceleration
indicates that the resulting forces acting on the GNP are not
constant. At 1–2 mm from the surface of the electrode, the Peclet
number, Pe, equals ca. 10 (see ESI† for details about the calcu-
lation). A value of Pe larger than unity indicates that advection
predominates over diffusion. Recent work showed that electro-
osmotic ow (EOF) should occur under low ionic strength
condition, 10 mM, as the case in the present work (ionic strength
¼ 10 mM).33,34 The GNP is expected to behave as a tracer reecting
the direction and speed of this convective EOF. Interestingly the
simulated velocity prole of EOF presents a decrease of tangen-
tial velocity when the liquid coming from above the electrode
turns just above the surface in agreement with our observations.
However, as the GNP decelerates reaching a distance of ca.
100 nm from the surface, the Pe value drops down to Pe ¼ 0.2.
Such a low value indicates that diffusion becomes predominant
near the end of the velocity prole. At that stage, the deceleration
may result from the reduction of the diffusion coefficient caused
by the viscous drag from the nearby electrode's surface (known as
near-wall hindered diffusion).48

Conclusions

In conclusion, we developed a contactless electrochemical
method with ms time resolution to monitor the velocity of indi-
vidual conducting particles, just before impact on an electrode.
We provided a detailed explanation of the key parameters
affecting the magnitude and shape of the current transient based
on a physical model and numerical simulations. We found that
an individual GNP experiences a strong deceleration (10 to 1 mm
s�1) between 1 mm and 100 nm from the surface of the electrode.
These observations could be discussed regarding physical
phenomena occurring only near surfaces (convective electro-
osmotic ow and near-wall hindered diffusion). We predict
based on numerical simulations that our method is applicable to
particles as small as few tens of nanometers. Those particles, to
name but a few, could potentially be graphene nanosheet, carbon
nanotube, thin metal chalcogenides (i.e. MoS2, WS2, and PtS2),49

and Mxenes (i.e. Ti2AlC, Ti3AlC2, and Ta4AlC3).50

Experimental
Chemicals

1,10-Ferrocendimethanol (FcDM), sodium hydroxide, poly(4-
styrene sulfonic acid) (PSS), and poly(allylamine hydrochlo-
ride) (PAA) were purchased from Sigma-Aldrich and used
without further purication. DI-water (18.2 MU cm) was
produced with an Elix Milli-Q water station (Millipore).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Graphene nanoplatelet suspension

The suspension of GNPs (5 mm particle size, 15 nm thickness,
Sigma-Aldrich) was prepared by mixing 10 mg of GNP powder in
100 mL of a 0.01% v/v PSS solution, sonicating for 30 min, and
then centrifugation. The rst centrifugation of 1 min at 11 000g
was used to remove the large GNPs. Only the supernatant was
kept. The two following centrifugations were performed 10 min
at 5000g and the supernatant was discarded to remove the small
fragments of GNP. The GNP suspension was sonicated 5 min
between each centrifugation to help re-dispersing the GNPs.
The concentration of GNP used in this work was measured by
UV-visible adsorption (Cary 50 Scan, Variant). The details are
provided in Fig. S1.†

Electrode fabrication

Pt ultramicroelectrode (inlaid disk) was fabricated by heat
sealing a 10 mm Pt wire (Goodfellow, hard temper) in a borosil-
icate glass capillary (2 mm o.d., 1.16 mm i.d.) using a heating
coil. The side of the wire is exposed by polishing the capillary
with sandpaper and then alumina slurry (down to 0.1 mm,
Buehler) until obtaining a mirror-like surface. The ultra-
microelectrode (UME) is sharpened by manually polishing the
side of the capillary on sandpaper until achieving an RG ¼ 15
(see Fig. S2†).

Opto-electrochemical setup

The opto-electrochemical setup consists of an inverted micro-
scope (ix73�, Olympus, 40� objective) and a correlated elec-
trochemical setup housed in a Faraday cage. A two-electrode
setup is used to measure the current and apply a potential
versus an Ag/AgCl 3.4 M KCl reference electrode. The cell is
placed onto an inverted microscope to acquire bright-eld
videos in reectance. The camera and the ammeter are
synchronized externally and data is collected at 1 kHz and 2
kHz, respectively. Additional experimental details about the
apparatus are provided in Fig. S5.†

Numerical simulation

The simulations were performed with COMSOL Multiphysics
5.3a in 2D axial geometry with the stationary solution. The
diffusion of FcDM molecules is governed by Fick's law
(transport of diluted species module), the potential inside the
GNP is governed by Ohm's law (electric currents module), and
the electron transfer kinetics at the surface of the UME and
GNP is governed by Butler–Volmer equation. The bipolar
current passing through GNP and the current at the Pt elec-
trode is simulated by integrating the total normal ux to the
GNP surface and the electrode surface under steady-state
simulation conditions, respectively. The details are provided
in the ESI.†

Data availability

Source data are provided with this article and have been
uploaded as part of the ESI.†
© 2021 The Author(s). Published by the Royal Society of Chemistry
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