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Abstract

The fast-advancing method of nano-impacts is a powerful approach for the
immediate detection and characterisation of nanoparticles. During the mea-
surement particles stochastically impact on a biased electrode immersed in a
colloidal solution, where they may enable an electrochemical reaction. In the
case of a destructive impact, particles electrodissolve at the electrode surface,
which can be seen as a spike in the electrode current. While these spikes are
successfully used to measure particle concentrations and to determine size
distributions via the overall charge transferred per spike, the spike shape is
however usually not included in the analysis. In this work, we explore in
which ways spike shapes can be exploited to gain additional information on
the investigated particle system. To this end, the limiting cases of two reac-
tion models are introduced and discussed in the context of the opportunities
and limitations imposed by hardware filters. In particular, we demonstrate
that Bessel-type filters conserve the overall charge transferred during an im-
pact event, even if the bandwidth of the signal is far beyond the passband of
the filter. Our findings are further compared to experimental data obtained
from measurements in aqueous solutions and ionic liquids.
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1. Introduction

In the light of ongoing controversial discussions regarding the toxicity of
nanoscale materials to humans, the fast-increasing amount of nanoparticles
employed in industrial applications and consumer products has led to a strong
interest in the development of fast and cost-efficient detection methods.

While a number of different approaches towards single nanoparticle de-
tection are being pursued [1], nano-impacts are a particularly promising ap-
proach for the immediate electrochemical detection of freely-diffusing parti-
cles in solution. In this method [2, 3, 4], a biased electrode is immersed into
the solution under investigation, containing an analyte nanoparticle popula-
tion. While the electrode material is chosen in a way that at the employed
working electrode there is no electrochemical interaction between the elec-
trode and the solution, nanoparticles may stochastically impact on the elec-
trode surface and either catalyse a reaction between the solution and the
electrode or directly react by virtue of their intrinsic electrochemical prop-
erties. If, in the latter case of a destructive impact, the oxidised or reduced
particle dissolves, the charge transferred to the electrode scales linearly with
the dissolved volume of the impacting particle via Faraday’s 1% Law. For a
complete reaction of the impacting particle, the particle concentration and
size distribution may hence be concluded from the frequency of detected
spikes and their integration, respectively [5, 6]. In nano-impacts, the
analysis of the detected spike shapes may reveal additional infor-
mation on the investigated system. Analytical or empirical models
have for instance been developed for partial dissolution processes
[7], charge diffusion on the surface of impacting Alumina particles
[8] and various geometries [9] as well as for impacting liposomes on
mercury electrode [10, 11, 12].

In this work, we explore what information can be extracted from the
shapes of individual current spikes beyond the particle concentration and
the size distribution. To this end, we develop two theoretical models for the
spike shape caused by a dissolving particle, focussing on the limiting cases
of a kinetically- and a solubility-limited dissolution process. On this basis,
we derive expressions for the temporal evolution of the electrode current as
well as for the duration of the spike, and model the transfer function of
a commonly-used filter type to demonstrate which spike features are con-
served and which are masked by the filter. We show that the overall charge
transferred during an impact is conserved by a fourth-order Bessel-type filter



even if the bandwidth of the signal is far beyond the passband of the filters
used. Our findings are compared with experimental measurements of silver
nanoparticles in an aqueous solution and in an ionic liquid.

2. Theory

2.1. Filter design

In nano-impact measurements, the characteristics of the detected species
may be altered by the electronic measurement equipment employed. Particu-
lar filter sets, which may be used in commercial potentiostats, may drastically
transform the actual input signal before it is digitised by the analogue-digital
converters. Herein, even signal components in the passband regime may
change depending on the filter’s phase response: If, for instance, spikes of
the length 10 ms are measured using a low-pass filter at a cutoff frequency of
1 kHz, the lower frequency components of a spike may experience different
phase shifts that lead to a completely different spike shape. Furthermore,
depending on the filter’s impulse response, the integral of the spike may be
altered, which complicates the data analysis with respect to particle sizing.
While such effects are irrelevant in most cyclic voltammetry measurements,
where DC currents are of interest and signal noise generally not considered,
the inclusion of the respective filter characteristics in the spike analysis is
crucial in nano-impacts.

In the present study, we employ the below-specified low-pass filter that
approximates a fourth-order Bessel filter. Bessel filters are commonly used
in signal processing as they feature a linear phase response in the passband
that leads to flat phase- and group-delays. The shape of the incoming signal
is hence well preserved below the cutoff frequency, which is a feature that
is desired in many applications including the nano-impact method. The
transfer function Hp(s) of a n’*-order Bessel low-pass filter is given by:
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where s € C, wy is the angular cutoff frequency, x(¢) the time-continuous in-
put signal, y(t) the time-continuous output signal, and £ the Laplace trans-
formation. 6, represents reverse Bessel polynomials of the n'*-order:
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The filter hence resembles a linear, time-invariant system (LTT) featuring an
infinite impulse response (IIR).

The potentiostat [13] developed inhouse used in our experiments (as re-
ported below and elsewhere) comprises a DC338 demonstration board featur-
ing a LTC1563-3 filter (Linear Technology Coporation, Milpitas, California,
USA). The filter is operated at a cutoff frequency of 256 Hz as specified
by the manufacturer, which according to the manufacturer’s design software
FilterCAD leads to an attenuation of -2.79 dB at the cutoff frequency. The
software further specifies that the implemented pole positions are located at
frequency f; = 406.5452 Hz and a quality factor of ); = 0.53, and a fre-
quency fo = 455.948 and a quality factor Q)2 = 0.7233. The transfer function
of the filter can thus be constructed as:

K
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where s = ¢ + jw and where K can be determined via the condition of
a unity gain at w = 0. In order to apply the ideal Bessel- as well as the
transfer function of the hardware filter to time-discrete signals, we determine
representations of both transfer functions in the z-image arising from the
unilateral z-transform. Considering a time-discrete signal f sampled at the
time steps kT, where T equals the inverse sampling frequency f, and k& € NY,
the z-transform F'(z) of f is calculated as:

H(s) = (3)
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where f[k] represents the k™ element of f(t) and the second line emphasises
the analogy to the Laplace transform, which we are going to use below [14].
Using this equation, a conformal mapping of the transfer function from the
Laplace-image to the z-image can be achieved by the substitution:

1
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Expansion of the logarithm into a Laurent series and truncation of the series
to only one term results in the definition of the bilinear transformation,
which is a commonly used method to design digital filters on the basis of an
analogue transfer functions:
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The substitution of this expression in H(s) gives the desired transfer function

H'(s) in the z-image, which features polynomials in z in the denominator and
the divisor:
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where n is the order of the filter. The application of the inverse z-transformation
to the above expression then gives the corresponding linear constant-coefficient
difference equation (LCCD) that allows the calculation of the output signal
y(t) for a given input signal z(t):

yln] = aio (Z bix[n —i] — Z ay[n — Z]) (8)

The gain response G(w) of a transfer function in the Laplace-image can
be calculated as |H(jw)|. Due to the substitution z = exp(T's) that led to
a conformal mapping of the transfer function into the z-image (see Equation
(4)), the transformed function H'(z) has to be calculated at the position
H'(exp(T- jw) to determine the gain response of the time-discrete filter. The
evaluation of this expression leads to a shifted angular cutoff frequency W,
which is usually referred to as ‘frequency warping’ in the literature:

2 T
C(Jé = f tarfl (Ewc) (9)
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Figure 1: Comparison between the time-continuous and the time-discrete implementations
of the hardware filter and a four-pole Bessel filter operated at a cutoff frequency of 128
Hz. All filters are modelled using a sampling frequency of f; = 100 kHz.

If the angular sampling frequency w, is however significantly greater than
we, the inverse tangent can, in good approximation, be developed into a
truncated Maclaurin series. The above expression then simplifies to:

2 (T
DS T (5%) =W, (10)

Consequently, at high oversampling, the frequency warping is not required
as the differences between the cutoff frequency in the Laplace-image and the
z-image can be neglected. In the following, we utilise this approximation for
the calculation of time-discrete transfer functions.

Figure 1 compares the gain responses of the modelled hardware filter and
an ideal four-pole Bessel filter operated at a cutoff frequency of 128 Hz, both
in the Laplace- and the z-image. In addition to that, we compare the data
with manufacturers specification to validate our calculations. In the plot it
can be seen that the transfer function of the hardware filter closely resembles
a fourth-order Bessel filter and we find a very good agreement between the
filter models in the Laplace- and the z-image.

The filters impulse responses are presented in the Figures 2 and 3. Figure
2 depicts the dependency of the spike shape on the cutoff frequency of the
filter: The observed spike height increases with the cutoff frequency, while
the length of the spike decreases. Figure 3 further compares the impulse
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Figure 2: Impulse response of a time-discrete fourth-order Bessel low-pass filter to a
rectangular pulse of the length 10 us. The current is normalised in a way that the integral
of the pulse equals unity. Filters are modelled at a sampling frequency of f; = 100 kHz.

responses resulting from the hardware- and an ideal four-pole Bessel filter,
which exhibit close agreement. In addition to that, we find that all impulse
responses show an overshoot to negative frequencies at the end of the spike.
The integrals of the impulse responses of all filters modelled in the Figures
2 and 3 though equal unity within an error of less than 0.1%, while the inte-
gral of only the positive part of the spike excluding the subsequent negative
overshoot equal unity within an error of less than 1%.

The chosen filter design hence conserves the overall charge transferred
during an impact event, even if the bandwidth of the spike is beyond the the
cutoff frequency of the filter. The discussed filters can therefore be well used
to measure the size of a particle reacting in fast impact event that solely
triggers an impulse response of the filter. Though individual spike features
may be masked, the measurement provides an accurate size distribution of
the investigated nanoparticle population. In the case of a partial oxida-
tion of the impacting particle that may for instance occur during
the reaction of Mo nanoparticles [15] the value of the overall trans-
ferred charge will be equally conserved independent of the spectral
components of the respective spike.

2.2. Theoretical models for the shapes of current spikes

We focus on nano-impacts that lead to a complete electrodissolution of
the impacting particle while the charge transferred at the electrode relates
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Figure 3: Comparison between the time-discrete implementation of the hardware filter
and a fourth-order Bessel filter operated at 128 Hz. All parameters equal the parameters
given in Figure 2.

to the particle size via Faraday’s 1% Law. Such behaviour can be found in
various experimental settings including the oxidation of silver nanoparticles
to ionic silver (Ag™) [5], the reduction of indigo nanoparticles to molecular
leuco-indigo [6], and the reductive dissolution of hematite nanoparticles to
ionic ferrous iron (Fe?™) [16], which may be represented by the presented
model.

The theoretical model for such destructive nano-impacts is developed on
the basis of two assumptions: First, we consider an electrochemical reaction
between the particle and the electrode that is initiated when the particle
touches the electrode. The tunnelling distance, which is typically of the
order of 1 nm or below [17] and thus significantly smaller than the initial
diameter of the impacting nanoparticle, is neglected. Second, we describe
an irreversible adsorption of the nanoparticle during the impact alongside a
complete reaction once the particle touches the electrode surface. Though
the underlying physical mechanisms leading to this effect are not yet fully un-
derstood, previous comparisons to transmission electron microscopy images
revealed that the latter assumption matches well the experimental observa-
tions for silver nanoparticles [5].

The model is based on the established ‘sphere on a plate’ models, which
have been used in various studies relating to nano-impacts [7, 18, 19] and
anodic stripping voltammetry [20], it is however here tailored to investigation



of spike shapes. Our derivations are along the lines of Haddou et al. [7], who
solved similar ordinary differential equations in a different context and on the
basis of other assumptions: Haddou et al. model a partial particle dissolution
and presume a finite average electrical contact time between the particle and
the electrode, which is independent of the temporal evolution of the particle
radius and the electrode potential. Considering the limiting cases of fully-
reversible and fully-irreversible dissolution processes, the electrode potential
leading to a half-dissolution of the particle is then determined. In contrast
to that, we consider the two limiting cases of a “kinetically-limited” and a
“solubility-limited” dissolution of a stationary particle and, in the following,
derive expressions for the duration and the shape of the spike under these
two conditions.

2.2.1. Kinetically-limited electrodissolution

In the case of a kinetically-limited electrodissolution of the particle, the
limiting rate jim kin Of species dissolving is directly proportional to the par-
ticle surface and can be expressed as:

jlim,k’in = 47'("/"2]{? (1]_)

where r is the radius of the particle and k is the electrodissolution rate
constant in units of [amount - length™ - time™!], which is a function of
the electrode potential. The number n of species in a spherical particle can
further be calculated to:

4
n = gwprg (12)
where p is the number density of species in the bulk particle in units of
[length~3]. Using this expression, the rate of species jg, being released from

the particle as a function of time can be written as:

Jdis = —%n = —%wp%rg = —47rpr2%7’ (13)
where jgs, n, and r are functions of time and all other parameters are con-
stants. Equating the two expressions for the dissolution rate, (11) and (13),
leads to an ordinary differential equation for the particle radius as a function

of time:

—=—_r (14)



which is solved by separation of variables in the interval r = [0, 7¢]:

T:C—Et with C € R (15)
p

The integration constant C' is determined via the condition that r equals the
initial radius 7y of the impacting particle at the time ¢ = 0:

rt=0)=ry = C=my (16)
and the duration ¢,,44 kin 0f the spike is calculated to:
T(t = tmaz,kin) =0 = ftma= % (17>

Since a fixed amount of charge per released species is measured at the elec-
trode, the kinetically-limited current I;, can be calculated by substitution
of the above result for r in Equation (11) or (13), and multiplication of the
obtained rate j4, with the charge eq transferred per released species:

L 2
Ik:zn(t> = 47T€0]€ (7”0 — ;t) fOI' t e [0, tmaw,]ﬂ‘n] (18>

2.2.2. Solubility-limited dissolution

In the case of a solubility-limited dissolution, the rate jjm 5o Of the release
of species from the nanoparticle is limited by the solubility of the released
species in the solution adjacent to the nanoparticle and its mass-transport
away from the surface rather than the reaction kinetics. While the surface
concentration gy, fqace at the particle will be determined by Nernst equation
if the reaction is reversible and cgy; fqce 15 below the solubility concentration
Cmaz, the surface concentration equals the solubility concentration at high
over- or under-potentials. Herein, sufficiently high potentials are generally
assumed. The surface concentration hence equals the saturation concentra-
tion at any time, leading to a temporal evolution of jjiy, s, Which is ex-
clusively determined by the diffusive mass transport of released ions away
from the particle. Due to the small size of the particle and the fast
mass transport facilitated by radial diffusion, the time that is re-
quired to reach the steady state will be of the order of hundreds of
nanoseconds [21]. Transients between the kinetically-limited and
the diffusion-limited case will hence be beyond the bandwidth of
the potentiostat and can not be resolved experimentally.
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In previous studies, the current of a spherical electrode mounted on an
insulating surface was investigated for the case of fast electrode kinetics that
result in an electrode current, which is solely limited by the mass transport of
the analyte towards the electrode surface. This diffusion-limited current Iy,
was analytically [22] and numerically [23] determined by solving the diffusion
equation:

0,c = DAc (19)

subject to the boundary conditions cguy fece = 0 and ¢y = ¢*. The current-
time dependency was found to be:

Ilirmdiff = —Ar ln(2) FDc'r (20)

where F' and D have their usual significance. The limiting flux i, qifs of
molecules towards the surface can then be calculated by substituting the
Avogadro constant N, for the Faraday constant:

jlim,diff = —47T ln(Q) NADC*T’ (21)

Since diffusion Equation (19) is a linear homogeneous partial differential
equation (i.e. it exclusively comprises linear combinations of ¢ and its deriva-
tives) both sides of the equation may be multiplied by a factor s € R that
can be included in the definition of ¢ leading to the transformation:

c(x,t) = s-c(x,t) (22)

without changing the structure of c. We may hence rescale the concentration
values employed in the above solution (21) as well as in the boundary condi-
tions by multiplication with a factor s € R. Furthermore, since the diffusion
equation solely comprises derivatives of ¢, all concentrations may be offset
by a constant value ¢y € R:

c(x,t) — c(x,t) + co (23)

The subsequent transformations s = ¢,4,/¢* and ¢g = ¢4, hence transform
Equation (21) into a solution of the here investigated diffusion problem fea-
turing the boundary conditions Csyrface = Cmaz and Cpur, = 0, Where ¢4 is
the saturation concentration of released species in the solvent surrounding
the particle. The solubility-limited dissolution rate j#™*°! is hence given by:

11



jlim,sol =47 ln(2) NADCmaxT' (24)

Since, in analogy to the kinetically-limited dissolution model, the rate of
ions released by the particle, Equation (13), must equal the limiting flux of
dissolving species, jiim.soi, We equate both expressions and find an ordinary
differential equation for the particle radius as a function of time:

d
In(2) NaDcpow = —preT (25)

which is solved by separation of variables within the range r € [0, ro]:

. \/ o 2 J/\)fADcmmt (26)

while the integration constant C' € R is determined via the initial radius r
of the impacting particle:

rt=0)=r = C=r1} (27)
The duration of the spike is then given by:

2
Pro

t=tmazsot) =0 = tlmae = 28

r( sol) 2 11(2) NaDrmas (28)

The current at the electrode is calculated by the substitution of this result

in Equation (24) and multiplication of the dissolution rate with the charge

transferred per released species:

21n(2) NaDcpax
[sol(t) =47 ZTL(Z) nFchwx\/Tg - n< ) pA ¢ t for ¢ € [Ogtmax,sol]

(29)

3. Experimental

3.1. Chemical reagents

Potassium chloride (Sigma Aldrich, >99%), tetrabutylammonium per-
chlorate (Sigma Aldrich, >99%), ferrocene (Sigma Aldrich, 98%), and poly
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(ethylene glycol) methyl ether thiol (thiolated PEG, MW 6000, Sigma Aldrich)
were used as received. 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]
[BF4]) and citrate-capped 20 nm diameter silver nanoparticles were prepared
according to standard literature methods [24, 25]. Where water is mentioned,
it refers to ultrapure water from Millipore with resistivity not less than 18.2
MQcm at 25 °C. Argon (99.5%), for use with the Glovebox, was purchased
from BOC, Surrey, UK.

3.2. Nanoparticle modification and sample preparation

A small amount of solid thiolated PEG (2.2 mg) was dissolved in 1 mL
of water. 10 pL of the thiolated PEG stock solution was combined with
490 pl of the citrate capped Ag nanoparticles, shaken, and left undisturbed
for 30 mins, during which time the solution turned from a light into an
intense yellow colour. In the experiments undertaken in water, 1 mL of the
nanoparticles were diluted in 3 mL 20 mM KCI, to give a concentration of
2.0 x 107" mol m— Ag NPs. In the experiments undertaken in [Bmim][BF,],
2uL of the modified silver nanoparticle solution was combined with 30 pL of
RTIL to produce an eventual concentration of 6.5 x 1075 mol m~3 Ag NPs,
and placed under a 0.2 mbar vacuum overnight to remove residual water.

3.8. Transfer into glovebox and experimental assembly for ionic liquid exper-
iments

All ionic liquid experiments were carried out in an acrylic MBRAUN
glovebox (GB-2202-P-VAC) under an inert Argon atmosphere. Before initial
use, the glovebox was purged in totality a dozen times and items entering the
glovebox after this initial period were transferred through the antechamber,
which went through three purge and refill cycles prior to their introduction
to the main chamber. Once all of the samples had been brought into the
glovebox, a solution containing 10 puL of the NP in RTIL stock solution was
placed in a plastic collar fixed on top of the working electrode, and a T-cell
was used for structural stability, as described previously [26].

3.4. Electrochemical apparatus

Electrochemical experiments (chronoamperometry) were conducted using
a low noise potentiostat that was built in-house [13] and has been described
fully previously [27]. All experiments were conducted inside a temperature
controlled Faraday cage [28].
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The working carbon microdisc electrode (IJ Cambria Scientific Ltd, UK),
10 pm nominal diameter, was polished prior to use using a water-alumina
slurry (1, 0.3, 0.05 pm, five minutes on each grade) on soft lapping pads
(Buehler, Illinois) [29]. The precise radius were determined through cali-
bration of the electrode with a 2.0 mM solution of ferrocene in acetonitrile
containing 0.1 M TBAP (silver wire as both a counter and quasi-reference
electrode); chronoamperometry was recorded at 298 K, and assuming a diffu-
sion coefficient of 2.3 x 107 m? s™! [26], the data was analysed with respect
to the Shoup and Szabo equation [30]. This gave an electrode radius of 4.91
+ 0.05 gm. A 0.5 mm silver wire was used both as a counter and a quasi-
reference electrode in all ionic liquid experiments, whilst a Standard Calomel
Electrode and a Platinum mesh were used as reference and counter electrodes
respectively in the experiments in aqueous solvents.

4. Results and discussion

In this section, we first discuss the spike shapes that result from the two
models for kinetically- and solubility-limited dissolution processes. We then
present experimental data of nano-impacts measured in aqueous solution
and in an ionic liquid, before we compare our theoretical findings with the
experimental measurements.

4.1. Theoretical models of spike shapes

Figure 4 presents the spike shapes obtained via the kinetically-limited
electrodissolution model. Using a electrodissolution rate constant of 1074
mol cm~2 s7!, which is ten times faster than the previously measured rate
for the irreversible dissolution process of copper nanoparticles at the respec-
tive formal potential [7], we find spikes featuring lengths of up to 4 ms for
particles featuring radii below or equal 40 nm. Since the duration of the
spike is inversely proportional to k (see Equation (17)), values may however
drastically change with the rate constant. For the considered k value, the
spike length caused by a particle of radius 10 nm calculates to less than 1
ms. This corresponds to a bandwidth in the stopband regime of our filter,
which features an attenuation of -2.79 dB at a frequency of 256 Hz, and
hence results in an approximate impulse response of the filter. As demon-
strated in Section 2.1, the value of the integrated spike is however conserved
though information on other features of the spike will be masked. In order
to resolve all features of a spike caused by an impacting nanoparticle, the
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Figure 4: Spike shapes obtained from the kinetically-limited dissolution model. Data was
calculated for various nanoparticle radii ranging from 5 to 40 nm. The density of bulk

silver is set to p = 5.85 x 10%® m™3 [31] and the dissolution rate constant is set to k =

10~% mol ecm—2 s~ 1.

potential-dependent electrodissolution rate constant of the respective system
must hence be reduced in comparison to the system discussed here.

Similar findings are made for the solubility-limited dissolution model that
is depicted in Figure 5. Observed spikes for particles sizes below 40 nm even
exhibit durations below 5 us, which is far beyond the bandwidth of the po-
tentiostat. Though individual spike features will not be resolved, the overall
charge transferred and hence the size of the particle can be measured exactly.
Electrolytes featuring lower saturation concentrations of the respective re-
leased ions lead to longer spike durations and may provide a possible route
for future studies.

4.2. Experimental results

A carbon microelectrode was immersed in a solution containing 20 mM
KCl, and a chronoamperogram was performed by holding the potential at 1
V vs an SCE for 50 seconds. PEG capped silver nanoparticles, to a concen-
tration of 2.0 x 10" mol m~3, were then added to the solution, and another
chronoamperogram was recorded (Figure 6). Spikes in the current appeared
with the addition of the nanoparticles. The investigated batch of nanopar-
ticles have previously been sized electrochemically in water[25], which was
achieved by converting the charge under the spike to a radius, using Faraday’s
first law and assuming the particles are spherical.
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Figure 5: Spike shapes resulting from the solubility-limited reaction model. The model
uses the above specified density p, the diffusion coefficient of silver ions is assumed to be
D = 1.6 m? s7!, and the saturation concentration of ionic silver, Ag™, is set to the value
of silver nitrate, ¢qe = 15.07 M.
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Figure 6: Chronoamperogram recorded at 1 V in 20 mM KCI and offset by 0.05 nA for
clarity. The solution contains 2.0 x 10~7 mol m~2 silver nanoparticles.

The carbon microelectrode was then immersed in an aliquot of [Bmim|[BF,],
and a chronoamperogram was recorded by holding the electrode at 1 V vs
a silver wire for 50 seconds. No features appeared on the chronoampero-
gram. An aliquot of ionic liquid containing silver nanoparticles was then
mixed in, and another chronoamperogram was recorded at 1 V (Figure 7).

16



40 . . : .

— lonic liquid

Current / pA
N
o

95 20 25 30 35 20
Time /s

Figure 7: Chronoamperogram recorded at 1 V in [Bmim][BF,] and offset by 0.05 nA for
clarity. The concentration of silver nanoparticles is 6.5 x 1076 mol m~3.

The chronoamperogram showed a number of spikes in the current, which,
when integrated, provided consistent sizing with Dynamic Light Scattering
and transmission electron microscopy [27].

With the ability to gain information about the size of nanoparticles in
two vastly different solvents from the charge of the spikes demonstrated, we
now turn to analysis of the shape of the features.

4.8. Comparison between theory and experiments

The analysis of the current data depicted in the Figures 6 and 7 revealed a
variety of different spikes shapes that can be observed for silver nanoparticle
oxidation in aqueous solution as well as in an ionic liquid. Figure 8 and 9
present a selection of exemplary spike shapes, where plots on the left amplify
a feature of the spikes shown on the right. The presented measurements in
aqueous solution show slowly evolving current transients on a time scale of
several ten milliseconds featuring amplitudes that exceed the peak to peak
noise by a factor of about two to three and are either preceded or followed
by a sharp current transient. The latter only feature lengths of about 4 ms
and significantly higher amplitudes of about 12 and 4.5 pA compared to the
slow transients. In contrast to that, the first spike in Figure 9, which was
measured in ionic liquid solely exhibits a sharp transient that is similar to the
transients observed in water, while the second spike comprises an ensemble
three sharp transients.
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The variety of different spikes observed suggests an interplay between
various processes. While the second spike in ionic liquids is consistent with
both limiting cases, the second may be caused by three partial oxidations or
an impacting cluster of nanoparticles. The two spikes obtained in aqueous
solution further indicate that additional processes are involved resulting in
a partial dissolution at significantly lower dissolution rates. These processes
will be the subject of future studies.

In the Figures 8 and 9, we further investigate the sharp current transients
that are found in all four spikes and compare them to the impulse response
of the filter. In all cases, these spike shapes almost ideally overlap with the
impulse response, hence indicating fast electrodissolution processes. Since
all spikes that exclusively comprise spectral components beyond the filter
bandwidth lead to equal impulse responses, we can conclude that the spike
features masked by the impulse response are faster than the cutoff frequency
of the filter. Although different kinetic models cannot be distinguished on
the basis of the experimental data, those findings however support the above
defined two limiting cases that both predict such fast dissolution processes.
Spikes that additionally comprise spectral components within the
passband of the filter (see Figure 9, bottom left at 26 ms or bottom
right at 16.25 s) exhibit shapes that deviate from the calculated
impulse response. In these cases, the spike shape is determined by
the dissolution process as well as by the filter characteristics.

5. Conclusions

We theoretically demonstrate that, by the choice of an appropriate filter,
the overall charge transferred in a nano-impact event can be conserved in the
measurement, even if the bandwidth of the corresponding current spike is far
beyond the cutoff frequency of the filter. Integration of the current hence
provides an accurate measure for the amount of nanoparticle material that
reacted in a Faradaic reaction, though the original shape of the spike may
be masked. An exact particle sizing can therefore be achieved in the case of
a complete reaction of the particle. Suitable filters include Bessel-type and
many other low-pass LTI IIR filters that conserve the integral in an impulse
response. We further discuss that Bessel type filters are particularly advan-
tageous in nano-impact applications as they exhibit a linear phase response.
This linear phase response leads to constant phase- and group-delay of the de-
tected signal, which, in addition to the conservation of the measured charge,
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Figure 8: Comparison between experimental data recorded in aqueous solution and the
impulse response model of the hardware filter. The plots on the left show individual
features of the spike, while the spike height is normalised to unity and the temporal position
of the was manually fitted. The plots on the right show the corresponding original data.

conserves the spike shape while filtering unwanted noise components in the
spectrum of the signal. In addition to that, we theoretically demonstrate
that for the limiting cases of a kinetic- and a solubility-limited dissolution
of the impacting particle, the expected spike length for most electrochemi-
cal systems is too short to be detected by standard potentiostats, typically
featuring bandwidths of less than 1 kHz.

The comparison to experimental data shows that some measured spikes
additionally contain slow spectral components suggesting an interplay be-
tween the here-discussed- and additional physiochemical effects. As some of
these components are well below the cutoff frequency of the filter they can be
resolved, while fast spike features are in line with our theory and lead to the
expected filter impulse response. Herein, the theoretical model of the filter
shows excellent agreement with the respective parts of the detected spikes.
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Figure 9: Comparison between experimental data recorded in the ionic liquid and the
impulse response model of the hardware filter. The data was processed as described in
Figure 8
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