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Abstract

Recent progress in nanoparticle electrochemistry has enabled the detection
of individual nanoparticles and the characterisation of nanoparticle popula-
tions. The nano-impact technique, in which individual nanoparticles diffu-
sively reach and react at an electrode, has advanced to allow exciting insights
into reaction mechanisms from inference of the progress of the reaction of an
individual nanoparticle as reflected in the electrode current-time response.

This work characterises the diffusion-limited depletion of an analyte inside
a nanoparticle which is initially doped with this analyte and, upon impact
at the electrode, may deform, adsorb, and react. Two different theoretical
models are contrasted and we reveal that key physical quantities such as the
contact area of the particle and electrode can be extracted from experimental
data in favourable cases. In addition, a dimensional analysis of the theoretical
model is presented which simplifies the analysis of experimental data by
reducing the number of required fitting parameters.
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1. Introduction

During recent years, the nano-impact method has evolved into a pow-
erful tool for the detection and characterisation of individual nanoparticles
as discussed in the reviews[1-11]. This is not at least due to the method’s
striking simplicity compared to other methods used in the characterisation
of nanomaterials: An electrode is set in contact with a solution of analyte
nanoparticles and biased versus the solution potential. By virtue of Brow-
nian motion, individual nanoparticles may then reach the electrode where
they may either react due to their intrinsic electrochemical properties or me-
diate a reaction between the electrode and species present in the solution.
Throughout the experiment, individual nanoparticle reactions are monitored
via the electrode current and provide valuable insights into the properties of
the investigated solution. The rate of individual ‘nano-impacts’ can be mea-
sured to determine the particle concentration and, in many cases, the size
distribution[12-14] of a nanoparticle population can be measured by simple
integration of the overall charge transferred per spike.

More recently the analysis of spike shapes was explored theoretically[15]
to enable the extraction of information beyond particle concentrations and
size distributions from experimental data. Various methods have been val-
idated and used for the analysis of diverse experiments including the study
of the electro-doping[16] processes in individual nanoparticles, lithium de-
insertion[17] processes in battery materials, the characterisation of the electro-
dissolution[18] of individual silver nanoparticles, the detection of viruses via
antibodies[19], the determination of reaction kinetics [8] and diffusion coef-
ficients[20], the label-free detection of living bacteria[21] and an analysis of
activity fluctuations of individual enzymes[22] near an electrode.

Nafion polymers have previously been modified with redox-functional ions
such as methyl viologen dication (MV?")[23, 24] and tris-(2,2’-bipyridyl)-
dichlororuthenium dication (Ru(bpy)3*)[25-27] to realise applications such
as the catalysis of oxalate oxidation[25]. More recently, literature reported
experimental work on the diffusion of MV?* in MV?*-doped ’soft’ Nafion
particles[28] and the application of such nanoparticles in the electro-catalytic
reduction of oxygen [29]. The contact areas of these ‘soft’ particles with
the electrode herein play a significant role in the electrochemical reaction
as shown in studies of the contact resistance and contact area[30, 31] while
related physiochemical processes still remain to be explored. Similar systems
may further offer excellent opportunities to study three-phase [32] electro-



chemistry. To establish the theoretical basis of such experiments and to enable
a more comprehensive analysis of related experimental data, we here dis-
cuss, investigate, and contrast two different mathematical models for diffusive
depletion processes of analyte inside nanoparticles resulting from impacts on
an electrode. Quantities that can be extracted from experimental data are
identified and practical fitting parameters for data analysis presented. The
presented work is closely linked to a recent publication[33], which employs
one of the two theoretical models and the dimensionless conducted analysis
at the end of this paper.

2. Theoretical Models

This work compares two theoretical models for the reaction of individ-
ual nanoparticles in impact electrochemistry with respect to their current
responses. Both models describe diffusive depletion processes of an analyte
within an individual polymer particle after its impact on the electrode surface
where the particle adsorbs and the analyte reacts.

The impacting particle is assumed to be spherical with radius rg and to
contain a homogeneous concentration of a species A™. Following the stochas-
tic arrival of the particle via Brownian motion and its transient adsorption at
the electrode, A" is reduced at the electrode-particle interface held at a suf-
ficiently negative over-potential to drive the single-electron-transfer reaction
AT + e~ — B2 The simulated time interval begins with the arrival of the
particle at the electrode and ends with the complete reduction of AT before
the particle either leaves the electrode or remains adsorbed. An illustration
of the process can be found in Figure 1.

During the impact, a spike-shaped current signal can be measured at the
electrode while A" is reduced to B. Assuming the particle remains electro-
neutral at all time, the reduction is modelled in terms of either a slow charge
hopping process within the particle alongside a fast ion exchange at its surface
or rate-determining ion diffusion inside the particle. In the latter case, the
electro-neutrality is realised by the diffusion of a negative ion species X~
from within the particle into the solution (Equation 1) or the diffusion of a
positive ion species M from the solution into the particle (Equation 2).

2We note that the reduction of A* to B has been chosen exemplarily and the model
can be easily altered to describe other reactions.
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Figure 1: Illustration of the impact process simulated in both theoretical models. The
inset schematically depicts the current measured at the electrode during the reaction.
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As illustrated below, both mechanisms result in equivalent mathematical
models opening a wide range of possible applications of the here-presented
theory.

Four further assumptions are made: First, the electrode is assumed to be
held at a large over-potential to ensure fast reaction kinetics limited only by
the diffusive mass transport of charge carriers towards the electrode. Second,
the X~ and M™ species do not participate in any reaction. Third, there is
sufficient?® electrolyte in the solution to enable the facile ion insertion and
de-insertion accompanied with Equation 1 or Equation 2. And fourth, the
ion insertion or de-insertion rate of X~ or M is fast enough to not be the
rate-determining step.

While all the above applies to both theoretical models, the following
contrasts the ‘truncated-sphere and the ‘undeformed-sphere models which
differ in the considered particle geometries following the adsorption at the
electrode surface.

3Related experiments are typically carried out at relatively large electrolyte concen-
trations. Yang et al. [28] used a phosphate buffer solution (pH 7.4) composed of 10 mM
each of monobasic and dibasic potassium phosphate and 0.1M KCI. Chen et al. [33] used
phosphate buffered saline (PBS) solution (pH 7.4) comprising 137 mM sodium chloride,
2.7 mM potassium chloride, 10 mM sodium phosphate dibasic, and 1.8 mM potassium
phosphate monobasic.
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Figure 2: Cross-section of the model for the depletion of AT within a truncated sphere.
c* is the initial uniform concentration of the analyte inside the particle, r1 is the radius
of the particle after the adsorption at the electrode surface, and r. is the radius of the
contact area with the electrode.

2.1. The ‘“Truncated-Sphere’ Model

The first model assumes that, following the impact of the adsorption of
the formerly spherical particle at the electrode surface, the particle adopts
the shape of a truncated sphere as shown in Figure 2 where the contact area
between the particle and the electrode is shown in red. The analyte particles
are hence modelled to be soft and deformable. Such soft particles may for
instance include polymer particles [28, 29, 33|, red blood cells [34], micelles
[35], viruses [19, 36] , liposomes [37] and bacteria [21, 38].

In this model, the particle radius after the adsorption of the particle
at the electrode surface is instantaneously adjusted to r; in a way that the
particle volume and the initial uniform concentration ¢* of the analyte remain
unchanged for different contact areas:

Vp = / dV = V" = const.
Vp for all 7. (3)

C* — C*’ wnat

= const.
where V), is the particle volume, fvp is the integration over the volume of
the particle, and the superscript nit indicates volumes and concentrations
before the deformation. The total amount of analyte contained in a particle
is hence conserved during the deformation.

In Figure 2, the contact area between the particle and the electrode then
features the shape of a planar circle of the radius r. while the reaction ex-
clusively takes place at this contact area.
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Figure 3: Boundary conditions used in the truncated-sphere model. 2,4, is the upper
boundary of the simulated space in z for » = 0 and is implicitly set through the choice of
r1 and r.. f(F) represents the boundary condition at the electrode surface which, here,
is equivalent to ¢ = 0 at a the large over-potential applied.

The depletion process is modelled using cylindrical coordinates (r, z, @),
where r is the radial distance, z is the axial distance, and ¢ is the angle of
the plane formed by the r-axis and the z-axis rotating around the z-axis.
Since, due to the rotational symmetry of the system with respect to the z-
axis, the concentration at a specific point in r and z is independent of the
angle ¢, we simplify the three-dimensional coordinate system (r,z,¢) to a
two-dimensional coordinate system (r, z). The diffusion equation can hence
be simplified to:

Jc 9 d*c  19c %
o PVe=Papt et o) @

where ¢ is the number concentration of A* and D is the diffusion coefficient
of AT inside the particle.

All boundary conditions are shown in Figure 3. We assume that a large
negative over-potential is applied at the electrode enough to ensure that the
concentration of A can be approximated to equal 0 at all time and the rate
of charge transfer is hence diffusion-controlled. No-flux boundaries are set
everywhere else, obstructing any release of the analyte into solution during
the impact.

Following Fick’s first law, the current can be calculated as:

Te a
I =nFj where j= —27TD/ rdr 25
0 0z

2=0
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Figure 4: Cross-section of the geometry considered in the ‘undeformed-sphere’ model. c¢*
indicates the uniform initial concentration of AT, ®; defines the contact area shown in
red, and rg is the radius of the particle.

where the n is the number of the electron transferred in the reaction, the F
is the Faraday Constant, and the j is the consuming flux of the analyte.

2.2. The ‘Undeformed-Sphere’ Model

In the second model, the particle shape remains spherical upon the impact
and adsorption. The contact area between the particle and the electrode is
then curved as shown as the red area in Figure 4. In analogy with the previous
model, the AT reacts only at this interface and is confined to the volume of
the particle throughout the impact. The ‘undeformed-sphere’ model has re-
cently been used in the analysis of transport processes in Nafion particles
33].

The diffusion of A" inside the particle is modelled in the spherical coor-
dinates (r, ®, ¢), where r is the radial distance, ® is the polar angle and ¢ is
the zenith angle. Due to the systems symmetry with respect to the zenith
and as in the above model, only the concentration distribution in r and &
are taken into consideration as the concentration is invariant with respect
to the zenith angle ¢. The diffusion equation inside the spherical particle is
hence:

Jc 9 dc  20c 1 &% 1 Oc

o PV e PGt e T e T s 00 ©)

The simulation employs the geometry shown in the Figure 5. As in the
previous model, a large electrode over-potential is assumed at the electrode
so that the concentration of AT is set to zero at the electrode surface, and no-
flux boundaries are set everywhere else to prevent any release of the analyte

into the solution surrounding the particle.
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Figure 5: Boundary conditions used in the undeformed-sphere model. As in the truncated-
sphere model, f(FE) represents the boundary condition at the electrode surface which, here,
is equivalent to ¢ = 0 at a the large over-potential applied.

The total current across the contact area is calculated on the basis of
Fick’s first law:

I= nFD%(Qw/crsm@drdCD) (7)

2.3. Computational Methods

The partial differential equations for the two models are solved via two
different finite difference approaches. For the ‘truncated-sphere model, cus-
tom code was developed in C'++ which makes use of the alternating direction
implicit (ADI) method[39-41] to simplify the resulting systems of linear equa-
tions to tri-diagonal matrix equations which are then solved via the Thomas
algorithm[42]. Results are visualised via Python scripts using the NumPy
and matplotlib libraries. The ‘undeformed-sphere model was realized and vi-
sualised in MATLAB R2018a where the ADI method was adopted to solve
the matrix system , see [33] for further details. An expanding time grid is
used to for both models for better accuracy at short time scales. Further
details can be found in the textbook[43] by Compton et al.

We recognise the importance of the software testing and validation[44]
and have carried out comprehensive tests including convergence studies and
the studies of error of mass conservation.

2.4. Dimensionless Parameters

For simplicity of presentation and to enable an easier comparison with
experimental data, dimensionless parameters are used throughout this study

8



Table 1: Conversion of dimensional parameters to their dimensionless counterparts where
ro is the radius of the spherical particle before the impact and throughout the entire
simulation for the ‘truncated-’ and the ‘undeformed-sphere’ model, respectively, f. is the
dimensional frequency which is defined as %, F is the Faraday Constant, R is the Universal
Gas Constant, and T is the temperature.

Parameter Conversion
Concentration of species j C; =42
Diffusion coefficient of species j dj = 5
Radial distance = %
Axial distance Z ==
Time T =251
.
7'20fc
Frequency Fo="%
. _ F 0
Potential 0 = 77 (£ — E})
_ T
Current J = Fibe

and respective transformations are shown in Table 1.

Since the particle volume and the overall amount of A" it contains are
conserved during the deformation process, see Equation (3), the dimension-
less particle radius R; is a function of the contact area and R; > 1 in the
‘truncated-sphere’ model. In contrast and as the particle is not deformed in
the ‘undeformed-sphere’ model, Ry = 1 independent of the contact angle ®.

Typical values for dimensional parameters can be found in a recent ex-
perimental study [33] by Chen et al. which makes use of one of the two
theoretical models.

3. Results and Discussion

The following section is divided into three parts. We first focus on the
truncated-sphere model and discuss simulation results with respect to con-
centration profiles, the electrode current, and the impact analogue signal
processing in a typical experimental set-up may have on the measurement.
Second, we compare both theoretical models before, finally, we conduct a di-
mensional analysis to establish two useful fitting parameters for the analysis
of experimental data.



3.1. The ‘truncated-sphere’ model

A series of simulations is performed for the truncated-sphere model while
the size of the contact area between the electrode and the sphere is varied and
the concentration profiles of A' are investigated, see Figure 6. The figure
reveals a significant dependency of the temporal evolution of the depletion
on the size of the contact area: For large contact areas the analyte depletion
progresses much faster than for smaller areas. At the time 7" = 1, for instance,
about 70% of the initial mass has been consumed for a contact area of 2 while
only about 35% has been consumed at the same time for a contact area of
0.5. This large difference suggests that the contact area might be inferred
from the current transient measured at the electrode.

To further investigate the depletion process, we analyse the temporal
evolution of the current alongside the mass remaining within the particle in
Figure 7. The data shown confirms the strong dependency of the current
response on the contact area anticipated on the basis of Figure 6: The larger
is the contact area, the greater® is the current at short times after the impact
and the faster the depletion progresses. Despite the initial greater current
for greater contact areas, the current response simulated for smaller contact
areas exceeds the response calculated for larger contact areas at long time
scales. This can be understood considering that the overall amount of analyte
inside the particle remains unchanged with different contact areas and an
initial lower current hence necessarily results in a larger current at long time
scales.

To further rationalise the simulated current responses, we compare the
modelled data with the Cottrell equation[45] which describes the tempo-
ral evolution of the current [ at large overpotentials in one-dimensional
chronoamperometry. In its dimensional form®, Cottrell equation is given

by:
D
I =nFAc\|— (8)
mt

4We note that for very short time scales, the simulated geometry resembles a one-
dimensional geometry, i.e. I o 1/4/t and hence I — oo for t — 0. As infinite current
cannot be modelled via the finite differences method, the simulated data for very short
time scales can only be of a qualitative nature. Convergence studies are provided in the
Supplementary Information

sin’®g

5 : . « I
The dimensionless form representation is: J = T
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Figure 6: Temporal evolution of the concentration profiles simulated for four different
contact areas. Plots are arranged in a way that the time increases from the left to the
right while the contact area increases from the top to the bottom and simulations for
Ar = 0.5,1.0,1.5,2.0 are depicted. The values plotted as red insets indicate percentage
of the initial mass remaining in the particle at the respective simulated time. Video
illustration of temporal evolution of the concentration profiles are shown as Video S1.

where n is the number of electrons transferred, F' is the Faraday Constant,
A is the area of the electrode, ¢* is the initial concentration of the analyte,
D is the diffusion coefficient, and ¢ is the time. We note that the simulated
current in the ‘truncated-sphere’ model differs from the Cottrell model as it
is not exclusively limited by linear diffusion. However, at short-time scales,
when radial diffusion does not have a large influence on the mass transport

11
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Figure 7: Temporal evolution of the electrode current (left) and the mass remaining within
the particle (right) in the ‘truncated-sphere’ model.

towards the electrode, the simulated current is expected to converge to the
production of the Cottrell equation.

The current evolutions calculated for two different contact areas (Ar =
0.5,1.0) are compared in Figure 8 where the z-axis depicts 1/ VT and hence
the regions (D) to 3 and (B) to are reached in ascending order with
time, i.e. (D) — () — and so forth, and 5) — (6) — and so forth. A direct
comparison between the simulated currents and Cottrell equation reveals that
at short times, in the regions (2) and (6), the simulated currents approach the
Cottrell equation as the geometry resembles the one-dimensional diffusion
case as modelled by Cottrell. In the regions (3) and (7), radial diffusion
additionally contributes to the current which then exceeds the corresponding
value of the Cottrell equation. At the end of the simulated time, (4) and (8),
the current drops to zero due to the limited amount of analyte within the
particle which is now entirely consumed. At very short times (I) and (5) we
find a deviation between the simulated data and the Cottrell equation which
results from intrinsic limitations of the finite differences method and can be
understood along the lines of the footnote in Section 3.1. We though note
that the time scale at which we observe these artefacts is of no experimental
relevance as illustrated below in the discussion of the experimental signal
processing.

Prior literature[16, 46] has shown that the shapes of current spikes mea-
sured in impact electrochemistry often reflect the signal processing charac-
teristics of the potentiostat than the temporal evolution of the actual charge
process at the electrode surface. In order to compare the simulated currents
with an experimental data, the signal transfer function of the potentiostat

12
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Figure 8: Comparison between Cottrell equation and our simulation results for different
Ar, Ar = 0.5 and Ar = 1. Cottrell equation and simulation results are depicted in blue
and black, respectively.

- for many experiments a simple low-pass filter - must hence be included in
the simulation. To this end, we apply a digital first-order Bessel-type low-
pass filter to the simulated current to model bandwidth limitations of the
potentiostat. The key parameter is herein the filter’s cut-off frequency which
is a measure for the signal bandwidth which, depending on the experimental
system, typically features values between 1 Hz and 1 KHz (A recent work|[33]
used a cut-off frequency of 50 Hz.). If the frequency of a spectral signal
component is larger than the cut-off frequency, the contribution of this com-
ponent to the output signal is attenuated whereas other signal components
experience only small changes in terms of their contribution. In addition,
despite of no relevance in this work, we do note the the cut-off frequency has
a influence on the phase shift of the individual spectral components.

Figure 9 compares the current evolutions before and after the application
of digital filter for different contact areas Ar = 0.5,1.0,1.5,2.0 and a dimen-
sionless cut-off frequency of 100. The x-axes on the left and right depict the
dimensionless time T and LogoT', respectively, while the same data is shown.
In the figure we find that immediately after impact all currents are attenu-
ated significantly while in the following filtered currents slightly exceed their
unfiltered equivalents before, finally, both converge to the same value. Prior
literature has shown that for this type of filter, the overall charge transferred,
i.e. the integral of the current, is conserved[9]. The above discussed intrinsic
inaccuracy of our simulations at very short time scales is hence of negligible
practical relevance for the shape of the spike after the filtering. Most notably,

13
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Figure 9: Evolution of the current response before and after a digital filter operated at a
dimensionless cut-off frequency of 100. Different contact areas are investigated and, for
clarity, the same data is plotted versus both 7" and Log10(T).

the current response significantly depends on the contact area even after the
filter and, in the context of this theoretical model, can hence be used to ex-
tract the contact area as well as the degree of the particle deformation from
experimental data.

In order to further investigate the influence of the cut-off frequency, the
current transients before and after filtering are compared for different dimen-
sionless cut-off frequencies, F,. = 25,50, 100, 150,200, when the contact area
is set to be 1. From the Figure 10, we can see that when the cut-off fre-
quency is set to a low value, the signal is masked by the filter and only little
information can be retained as higher-bandwidth features are attenuated. In
contrast and at higher cut-off frequencies, the potentiostat is less limiting,
though experimentally the signal may be masked by other sources of noise so
that the cut-off frequency needs to be chosen carefully to sufficiently suppress
external noise while still retaining spectral information of interest.

3.2. Comparison between the ‘Truncated-"and the ‘Undeformed-sphere’ Model

For the comparison between the ‘truncated-’ and the ‘undeformed-sphere’
model, we consider four different cases as shown in Figure 11. The red and
green areas represent the contact areas simulated for the ‘truncated-" and the
‘undeformed-sphere’ model, respectively. The angles ®,, which define the
contact areas in both models, feature identical values in corresponding simu-
lations for both models. Currents are evaluated for four different angles @,
sin®y = 0.399,0.561,0.679,0.774, which are labelled A, B, C, and D in the

14
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Figure 11: Comparison of different simulated contact areas for two models. Red and green
areas show the ‘truncated-’ and the ‘undeformed-sphere’ model, respectively.

Figure and correspond to the above four surface areas Ar = 0.5,1.0,1.5,2.0
in the ‘truncated-sphere’ model. As discussed above, the total volume of the
particles remains unchanged for different angles and particle radii R; of de-
formed particles in the ‘truncated-sphere’ model hence increase accordingly
as the particle is deformed upon the impact.

The dimensionless contact areas can be calculated from the angle &, for
the ‘truncated-sphere’ model:

Ar = nR? = T R3sin*®, 9)

and the ‘deformed-sphere’ model:

Ar =27RyH where H = Ry(1 — cosdy) (10)

where R, is the radius of the contact area in the ‘truncated-sphere’ model
and H is the height of the missing cap of the truncated sphere.

15
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Figure 12: Comparison of the temporal evolutions of the current responses in the
‘truncated-’ and the ‘undeformed-sphere’ models evaluated for different Ar.

The current signals for the ‘truncated-" and the ‘undeformed-sphere’ model
are compared in Figure 12 where we find that the smaller is the contact angle,
the smaller is the difference in the current response. This can be rationalised
considering that for small contact angles ® — 0 both models converge to
the same geometry. We further observe very similar current responses at
intermediate- and long time scales despite clear differences at the short time-
scales. The latter however do not feature any experimental relevance in the
light of the bandwidth limitations imposed experimentally and can therefore
be neglected. To illustrate this, Figure 13 additionally contrasts the same
current signals after the signal filtering which feature significant similarities
at all time scales. When analysing experimental data it is hence not possible
to distinguish between the two theoretical models solely on the basis of the
spike shape which leaves us with the convenience of a choosing one of the
two models for the estimation of the contact area angle ®, from experimen-
tal data in favourable cases where the values of the below introduced fitting
parameters can be determined with sufficient accuracy.

3.3. Dimensional Analysis and Fitting Parameters

In the above definition of both theoretical models, four different fitting
parameters must be considered when comparing measured dimensional cur-
rents with simulated data: The diffusion coefficient D of the analyte AT,
the radius of the particle 7y before the impact and adsorption®, the concen-

SFor polymer particles, we note that as the material may adsorb water and swell in
solution[47, 48], the real values of 1y and ¢* are therefore difficult to determine in solution.
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Figure 13: Comparison of the current responses found in the ‘truncated-’ and the
‘undeformed-sphere’ models when evaluated for different Ar after signal filtering at a
dimensionless cut-off frequency of 100.

tration ¢* of the analyte within the particle, and the contact area angle ®.
The large number of parameters obviously complicates the comparison with
experimental data where exact values may be unknown. It is therefore de-
sirable to reduce the number of parameters as well as to use quantities that
are more accessible from experimental data. To this end, this section con-
ducts a dimensionless analysis to establish a set of less and more convenient
parameters for the theoretical modelling. The presented analysis follows and
elaborates the analysis presented in [33].

We first consider the relation between the dimensional current and the
dimensionless current as provided in Table 1:

I = FroDc*J (11)

Using this transformation, the dimensionless currents calculated on the
basis of Fick’s first law can be written:

oC

Jy = 8_Zt Z=0,R<R. (12)
oC

Jy = 8_Rf |R=1,0<®, (13)

where the subscripts ¢ and f label the ‘truncated-’ and the ‘undeformed-
sphere’ model, respectively.

Via the transformations given in Table 1 we further obtain the partial dif-
ferential equation for the temporal evolution of dimensionless concentration

17



from Fick’s second law:

oC

aT

Analogously, we transform the boundary conditions defined in Figures 3
and 5, namely no-flux boundaries of the form:

- V2R,ZO (14>

- VizC=0 (15)

where 77 is the normal vector of the respective boundary, and most notably
set the dimensionless concentration at the electrode to O:

Cy =0 |z=0,r<R. (16)

Cr =0 |re1,0<a, (17)

The above Equations 12 to 17 represent a complete definition of the theoret-
ical models solved in this work.

A closer investigation reveals that the dimensionless currents in both
models solely depend on two parameters:

Jt = ft(Tv Re) (18)

Jp = [1(T, @) (19)
For the ‘truncated-sphere’ model, we can further express R, as a function of
R, and ®:

R. = Rysind®, (20)

where R; is the particle radius following the deformation in the ‘truncated-
sphere’ model. Since, in this model, we can calculate the dimensionless
volume of a particle before and after the adsorption:

4

Vo= BWR;”; (21)
m 2
Vi= §(3R1 — H)H (22)

where H is the hight of the missing cap of the truncated sphere as defined

18



in Figure 11, we express the dimensionless R, as a function of ®g:

R R3sin?®
“\ 2= 3cosPy + cos3P,
o sin3®
~\ 2 = 3cos®y + cos3D,

The current response in both models, Equation 18 and 19, can hence be
expressed in the form:

(23)

J = f(T, D) (24)
Substituting the definition of the dimensionless time:
Dt
T=— 25
= (25)
and Equation 11, the dimensional current can be written:
. D
I = FroDc*f <t . —2,(I>0> (26)
To

where the shape of the current transient is solely defined by only two param-
eters, D - 752 and ®¢, and an additional proportionality factor, ro - D - ¢*.

To further simplify this factor, we write the overall charge of all analyte
(@ within the particle as:

Q=CcFV (27)

where V' is the total dimensional volume of the particle before the impact
which can be calculated by:

4 .
V= gm"g (28)

Substitution of Equations 27 and 28 simplifies Equation 26 to:
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ToDQ D
I=——ft- —,®
Vv f 7"8’ 0)

3 D D
A T(Q) Q f( rga 0)

This equation features three parameters, D - 7 2 ®,, and the overall charge
() which is readily available from the integration of the respective current
spike. The above dimensional analysis hence reduces the number of fitting
parameter from four to three, one of which is directly accessible from the
experimental data. There are hence only two parameters left that must
be fitted simultaneously for the comparison of experimental currents with
simulated data.

(29)

4. Conclusions

We have investigated the diffusion-controlled electrochemical depletion of
an analyte inside a nanoparticle adsorption at an electrode. Two theoreti-
cal models are discussed and contrasted that differ in the assumed particle
shape upon adsorption. Simulated electrode currents are rationalised and
discussed in the light of bandwidth limitations that are typically imposed by
experimental measurement set-ups. Our analysis reveals that, in cases where
simulated data can be fitted to experimental data with sufficient accuracy,
the size of the contact area between the particle and the electrode can be ex-
tracted from experimental data while the deformation of the particle hardly
affects the measured current transients. In addition, we present a dimen-
sional analysis to reduce the number of fitting parameters in both theoretical
models.
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