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The Influence of Supporting lons on the Electrochemical
Detection of Individual Silver Nanoparticles: Understanding the
Shape and Frequency of Current Transients in Nano-impacts

Kay J. Krause,”” Fabian Brings,” Jan Schnitker,”) Enno Katelhon,™ Philipp Rinklin,™
Dirk Mayer,” Richard G. Compton,” Serge G. Lemay,"” Andreas Offenhiusser,” and

Bernhard Wolfrum*® ¢

/Abstract: We report the influence of electrolyte composition
and concentration on the stochastic amperometric detection
of individual silver nanoparticles at microelectrode arrays
and show that the sensor response at certain electrode po-
tentials is dependent on both the conductivity of the elec-
trolyte and the concentration of chloride ions. We further
demonstrate that the chloride concentration in solution
heavily influences the characteristic current spike shape of
recorded nanoparticle impacts: While typically too short to

\

be resolved in the measured current, the spike widths are
significantly broadened at low chloride concentrations
below 10 mm and range into the millisecond regime. The
analysis of more than 25000 spikes reveals that this effect
can be explained by the diffusive mass transport of chloride
ions to the nanoparticle, which limits the oxidization rate of
individual silver nanoparticles to silver chloride at the
chosen electrode potential.

/

Introduction

Silver nanoparticles are widely used for antimicrobial coat-
ings," sensing applications,”™ or as catalysts in electrochemi-
cal reactions."®" As a consequence, tons of nanoparticles are
released every year either deliberately or accidentally into the
environment. The quantification of silver nanoparticles raises
interest concerning the spread and possible adverse side-ef-
fects on aqueous systems including fresh and saline
waters.""' Amperometry at microelectrodes is capable of
sensing individual particles in aqueous solution during nano-
particle impacts.”®?" An approach for the direct detection of
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silver nanopatrticles is the electrochemical oxidation at the sur-
face of an appropriately biased electrode.”>?” Here, the
charge transfer of electrons from the nanoparticle to the elec-
trode is measured as a distinct spike in current-time traces. By
counting the number of oxidation spikes over time, informa-
tion about the particle concentration is obtained.”™™ Further-
more, calculation of the total charge, which is transferred per
spike, vyields in principle information about the particle
volume®2® or surface area.” For freely diffusing nanoparti-
cles, the frequency of oxidation events is limited by the diffu-
sive mass transport of particles to the electrode surface and
therefore by the electrode size. However, the maximum elec-
trode size is limited by the current noise, which makes the de-
tection of small particles difficult by obscuring the oxidation
spikes.*” To combine the advantages of low noise and high
surface area, microelectrode arrays (MEAs) can be used.F"3?
Nevertheless, accurate concentration measurements and parti-
cle sizing in arbitrary media are difficult as the oxidation of
silver nanoparticles depends on different parameters including
the electric field,®® the electrolyte,**>® the electrode sur-
face,*=** or the nanoparticle capping agent.“” In particular,
nanoparticle detection is sensitive to the chloride concentra-
tion due to the possible oxidation of silver to silver chloride.""
It was previously shown that the oxidation of Ag nanoparticles
may progress along various different reaction paths which are
shonw in Equations (1)—(3).

Ag (s) = Ag" (aq) +e (M)
Ag (s) + CI~ (aq) — AgCl (aq) + e~ (2)
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Ag (s) +ClI (aq) — AgCl (s) + e~ (3)

A study™ by Toh et al. illustrated that in presence of chlo-
ride ions and depending on the chosen electrode potential
either the reaction shown in Equation (1) to Ag™ or a reaction
to AgCl along one or both of the reaction paths given in Equa-
tions (2) and (3) prevails. Versus a home-built Ag/AgNO; refer-
ence electrode, the formation of Ag*™ was found between + 50
and +250 mV (corresponding to approximately +530 and
+730 mV vs. Ag/AgCl (3 m KCl)), while the reaction to AgCl by
reaction path shown in Equations (2) and/or (3) was observed
between —300 and —200 mV (corresponding to approximately
4180 and 4280 mV vs. Ag/AgCl (3 m KCI)). In the case of reac-
tion path given in Equation (1), the reaction rate may be either
limited by the dissolution of silver or the solubility of silver
ions in the solution adjacent to the nanoparticle. In compari-
son to reaction in Equation (1), the determination of the rate-
limiting process in reaction path in Equations (2) or (3) is more
complicated, as various processes may limit the reaction rate—
the reaction of Ag to AgCl, the diffusion of CI~ to the nanopar-
ticle, the solubility of AgCl in the immediate proximity of the
nanoparticle in Equation (2), or the diffusion of Cl~ through
a shell of solid AgCl on the particle surface in Equation (3) may
be rate-limiting. In addition, further reaction pathways may
compete with the above that include the following reaction at
high chloride ion concentrations [Eq. ()].

Ag (s) +2CI" (aq) — AgCl,” + e~ (4)

Independent of the electrode potential, the presence of
oxygen may be another important factor in this context. A
recent work™® on the fate of silver nanoparticles in aqueous
solution by Plowman et al. showed that the reduction of O,
drives the dissolution of silver nanoparticles, while in the pres-
ence of chloride ions this dissolution is inhibited.

Here we investigate the oxidation of silver nanoparticles and
its dependence on the chloride concentration in supporting
electrolytes using microelectrode arrays. We show that at the
investigated potentials the frequency of oxidation events de-
pends on both the conductivity of the electrolyte and the ab-
solute chloride concentration. Furthermore, we demonstrate
that the shape of current transients generated by silver nano-
particle oxidation events can be described by an analytical
model, which takes into account the chloride diffusion to
a silver nanoparticle during oxidation as the rate-limiting reac-
tion step.

Results and Discussion

We first investigated the impact frequency in current-time
traces in the presence of nanoparticles at a different concen-
trations of supporting KCl electrolytes (Figure 1). Figure 1b and
c show representative recordings of the oxidation of silver
nanoparticles from aqueous solution. The part of the current
trace, which is plotted in red, is used to calculate the oxidation
spike frequency. It is evident that the frequency of oxidation
events, as well as the spike height, are highly dependent on
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Figure 1. a) Frequency of nanoparticle oxidation events in aqueous solution
for 12 um MEAs at different potentials versus Ag/AgCl reference electrode
and different KCI concentrations. Current time traces for supporting electro-
lyte concentrations of b) 20 mm and ¢) 55 mm. The large spike occurring
after approximately 7 s within the blue part of the current traces is related
to particle insertion and only the red part of the current trace was used for
data evaluation.

the KCl concentration. Both the number of recorded events
and the average spike amplitude are significantly decreased
for a supporting electrolyte of 20 mm KCI compared to 55 mm
KCl. In Figure 1a the average rate of particles being oxidized at
a single electrode (frequency of oxidation events) is plotted
against the KCl concentration for different oxidizing potentials
applied versus the Ag/AgCl reference electrode. For an applied
potential below 300 mV the spike frequency increases with the
potential at constant KCl concentration, while the spike fre-
quency becomes independent of the potential for a sufficiently
high overpotential (300 to 500 mV). For a potential of 150 mV
no oxidation events can be observed for KCl concentrations
lower than 40 mm, while for a potential of 200 mV even at
20 mm KCl oxidation events occur.

The trend in the data, showing a strong dependence of the
nanoparticle impact frequency on the supporting electrolyte,
can partly be explained by a shift in the oxidation potential.
The formal potential for the oxidation of silver to silver chlo-
ride relative to the reference electrode (3m KCI/Ag/AgCl) in
a concentration CI~ of m is given by Equation (5), in which
alm) is the activity of CI” in a concentration of mm CI~ and
a(3M) is the activity of CI~ in 3m ClI~; R is the universal gas
constant; F is Faraday’s constant; and T is the temperature.

o RT a(m)
Sy 5)

The potential shift due to the concentration of chloride ions
can be calculated to be about 110 mV for 40 mm KCl. However,
this is only valid for a time-independent charge distribution
within the electrochemical double layer. During electrochemi-
cal reactions at electrodes with nanometer scale, like the
20 nm silver nanoparticles used here, the electrochemical
double layer is not at a steady state, so the dynamics have to
be taken into account. This leads to an additional potential
drop at the point of electron transfer.** Recent work™ ! fur-
ther demonstrated that in nano-impacts Brownian motion of
the analyte at the interface may lead to a modulation of the
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contact resistance and hence to additional fluctuations in the
Faradaic current occur. If a sufficiently high overpotential is ap-
plied, in this case, more than 300 mV, each impact can be as-
sumed to generate an oxidation event and the event rate be-
comes independent of the potential. For such oxidation poten-
tials the spike frequency scales linearly with the chloride con-
centration in a concentration regime from 16 to 50 mm (0.25
to 0.75Sm™"). A similar behavior was observed by Toh et al.
using stripping voltammetry of deposited silver nanoparti-
cles.” At higher salt concentrations, the event frequency is
limited by the diffusion of particles to the electrodes.

The dependence of the frequency on the KCl concentration
can be explained by two mechanisms: an electrostatic effect,
which occurs due to the low conductivity of the electrolyte, or
a depletion of chloride ions, which leads to insufficient oxida-
tion reactions. To separate these possibilities we performed
two different experiments. First, we measured the event fre-
quency for an electrolyte with varying chloride content using
a constant total amount of supporting salt. Here, the conduc-
tivity is approximately stable and we expect to recognize the
particular influence of the chloride ions. Second, we measured
the event rate at a constant chloride concentration with elec-
trolytes of varying conductivity.

In Figure 2 the average frequency of oxidation events at
a single electrode is shown for a constant electrolyte concen-
tration of 80 mm (ca. 1.2 Sm™") with varying amounts of KCl
and KNO,. For KCl concentrations above 20 mm we observe
a constant event frequency, which is limited by the diffusive
mass transport of particles to the microelectrode. As shown
previously, the net transport of particles to the electrode is af-
fected by possible adsorption at the chip interface.?" However,
below 20 mm, we see a strong decline of the event frequency
with decreasing chloride concentration. This likely indicates
that in the regime below 20 mwm, the oxidation reaction is lim-
ited by the chloride flux to the silver nanoparticles.

Constant conductivity
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Figure 2. Frequency of nanoparticle oxidation events in aqueous solution for
12 um MEAs for a potential of 400 mV versus a Ag/AgCl reference electrode
and different electrolyte mixtures. The total amount of supporting salt for
each measurement was 80 mm.

Chem. Eur. J. 2017,23,1-7

These are not the final page numbers! 22

www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

So far, we have only considered the effect of chloride ions
on the frequency of recorded oxidation events, which is indica-
tive of the concentration of silver nanoparticles. However, as
the chloride concentration plays a dominant role, it can be ex-
pected that the shape of the recorded oxidation spikes is also
influenced by the flux of chloride to the nanoparticle. These
current transients can be described as the diffusion-limited flux
to a sphere on a plate taking into account the shrinking radius
of the sphere due to the consumption of material by the elec-
trochemical reaction as described previously*—see Equa-
tion (6) in which N, is the Avogadro constant, e the elementary
charge, D=2x10""m?s 'l Mok? MM is the diffusion con-
stant of ClI~, ¢, the bulk chloride concentration, r,=10 nm the
nanoparticle radius, m,,, the atomic mass of silver and p the
bulk density of silver.

2In(2)NaDCoMatom 6)

I(t) = 45 In(2)NxesDcoo \/ O I

It can be seen from Equation (6) that the expected spike
height for t=0 scales linearly with the chloride concentration
and the nanoparticle radius. For a particle with a diameter of
20 nm the expected spike height is 17 pA for 1 mm CI7, 34 pA
for 2mm ClI~, 68 pA for 4mm ClI~, and 132 pA for 8 mm CI.
Note that, in the experiment, the spike shape is influenced by
the diffusion-limited chloride flux, the time a nanoparticle re-
mains in proximity to the electrode, and the transfer function
of the amplifier system. To address the effect of the diffusion-
limited chloride flux, we have analyzed the spike shape as
a function of the chloride concentration. In Figure 3, the cur-
rent-time traces for different KCl concentrations are shown.
The large spike within the blue part of the current trace is re-
lated to particle insertion and only the red part of the current
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Figure 3. Measured current time traces for nanoparticle oxidation within dif-
ferent KCl concentrations. The total amount of salt (KCl+KNO;) was 80 mm
for each measurement. The large spike occurring after approximately 5 s
within the blue part of the current traces is related to particle insertion and
only the red part of the current trace was used for data evaluation.
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trace was used for data evaluation. The observed oxidation
spike height is of the same order of magnitude and scales line-
arly with the CI~ concentration as per the analytical expecta-
tion. The variation within the measured spike heights is attrib-
uted to nanoparticles with sizes differing from 20 nm and par-
ticle agglomerations. In Figure 4 the mean shape of the mea-
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Figure 4. Comparison between the measured oxidation events for different
chloride concentrations and the analytical calculation. The total salt concen-
tration as the sum of KCl and KNO; was 80 mwm for each measurement. The
results from measurements obtained at different chloride concentrations are
shifted in time for clarity of presentation. It is noted that the depicted theo-
retical model presents the result of Equation (6) digitally filtered via an emu-
lation of the potentiostat’s transfer function.

sured oxidation spikes for 1 mm, 2 mm, 4 mm, 8 mm, and
16 mm KCl is further shown (data points with error bars) to-
gether with predictions from the analytical model described by
Equation (6). For comparison with the measured data, the ana-
lytical current transients are filtered with a 3 kHz fourth-order
low-pass Bessel filter to mimic the amplifier bandwidth used in
our experiments. The filter alters the analytical model in a way
that smooth spike onsets and longer decay times are ob-
served. Individual data sets are further time-shifted for clarity
of presentation.

With increasing chloride concentration, the spike duration
becomes smaller and the spike height increases as the larger
chloride flux leads to a faster oxidation. It can be seen that the
measured data closely matches the analytical results, indicating
a diffusion-limited oxidation of the nanoparticle within the
given chloride concentration range. For small concentrations
of chloride and therefore long oxidation times, the tailing
edge of the oxidation spike is overestimated by the analytical
model, which assumes a complete oxidation of the nanoparti-
cle. The overestimation might be caused by a hindered diffu-
sive transport of chloride ions across the silver chloride shell of
the partially oxidized particle if solid silver chloride is formed
during the impact. Interestingly, even at very small KCI concen-
trations, all particles are fully oxidized leading to a current tran-
sient that can be modeled by Equation (6). Yet, the question
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remains as to why the measured frequency of nanoparticle im-
pacts decreases for KCl concentrations below 20 mm (Fig-
ure 2b)? To answer this question we have to take a closer look
at the employed data processing approach. The detection
threshold for the automated spike detection algorithm is trig-
gered above a minimal spike height of 40 pA. At low KCl con-
centrations the spike shape during nanoparticle impacts be-
comes smaller and wider (Figure 4). For a 20 nm particle and
2mm KCl, the spike current is expected to be 33 pA. As the
maximum current scales also linear with the particle radius,
only large particles can be detected at low KCl concentrations.
This behavior is shown in Figure 5, in which the particle diame-
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Figure 5. The size of Ag nanoparticles as derived from the total charge
transferred per oxidation in 2 mm KCl and 8 mm KCl electrolyte.

ter is plotted for measurements in 2 mm KCl and 8 mm KCl. It
can be seen that, for 2 mm KCl, particles smaller than 20 nm
are under-represented compared to the 8 mm KCl measure-
ments. While the chloride concentration influences the detec-
tion for concentrations below 20 mm CI~, this does not explain
the linear dependence of the spike frequency on the KCl con-
centration as seen in Figure 1. To evaluate the influence of the
conductivity of the electrolyte, we measured the nanoparticle
oxidation frequency at a fixed KCl concentration of 20 mm
while adding additional salt (KNO,).

Figure 6 shows the oxidation frequency for a constant KCl
concentration of 20 mm and additional KNO; which feature
a comparable molar conductivity. It can be seen that, for
a total electrolyte concentration range from 20 to 50 mm (0.3
to 0.75 Sm™"), the spike frequency features the same linear be-
havior as in Figure 1a, indicating that for this concentration
range the detection is limited by the conductivity of the elec-
trolyte:®® To further investigate this phenomenon, we compare
the mean shape of all oxidation events from the measure-
ments represented in Figure 6 with analytical calculations (see
Figure 1, Supporting Information). The recorded spike shape
mimics the analytical expectation for a salt concentration of
20 mm, independent of the KNO; concentration, but is effec-
tively limited by the finite response time of the amplifier. The
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Figure 6. Nanoparticle oxidation frequency in aqueous solution for 12 um
MEAs for a potential of 400 mV versus Ag/AgCl reference electrode and dif-
ferent KNO; concentrations. For each measurement the constant additional
KCl concentration was 20 mwm.

observed spike height is decreased for smaller KNO, concentra-
tions. Therefore, both the spike height and the spike frequency
depend on the conductivity of the electrolyte. One possible ex-
planation for this behavior is the citrate shell of the silver
nanoparticles, which stabilizes the particles by electrostatic re-
pulsion. In pH 7 solutions with low electrolyte concentrations,
the nanoparticles feature a zeta potential of —40 mV, which
represents the negative surface charge of the citrate shell:*”
We note a possible dependency of the particles’ zeta potential
on the chloride concentration—ions may adsorb on the parti-
cle surface altering the surface potential and possibly stabilis-
ing the particles. In combination with steric effects, this citrate
shell may influence the transport of negatively charged chlo-
ride ions to the silver surface. In addition, other effects includ-
ing salt-dependent electrode modifications, electromigra-
tion,*® the Frumkin effect,*” a breakdown of electroneutrali-
ty,"? and dynamic electrochemical double layer interactions™
may be of relevance in this context.

Conclusion

Current transients in the amperometric detection of oxidation
events of individual silver nanoparticles to silver chloride in
aqueous solution critically depend on the chloride concentra-
tion and can be modeled by an analytical equation taking into
account the diffusion of chloride ions to the silver particle as
the rate-limiting step. The use of a microelectrode array ena-
bled the collection of a significant amount of data for statisti-
cal analysis of the spike shapes and comparison to the theoret-
ical model. In good agreement with theory, it was herein
found that at low supporting CI~ concentrations diffusion-limit-
ed mass transport leads to an increase in width and a decrease
in amplitude of the recorded current transients. Reliable detec-
tion of nanoparticles therefore requires a minimal chloride con-
centration to avoid under-detection of nanoparticles. The
amount of supporting chloride required depends on the back-
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ground noise of the measurement system. As the detection of
small spike amplitudes is limited by background noise, small
particles cannot be detected at low chloride concentrations.
Operating in the kHz range with a typical noise of approxi-
mately 1.5 pA (rms), a chloride concentration higher than
2mm is needed to reliably detect silver nanoparticles with
a size of 20 nm. In addition, the frequency of oxidation events
depends linearly on the electrolyte conductivity for values be-
tween 0.3 and 0.75 Sm™. These results provide parameters for
the design of future sensing devices for robust and sensitive
stochastic detection of nanoparticle concentration from aque-
ous solution. While in this work we specifically focused on the
interactions of citrate-stabilized silver nanoparticles with chlo-
ride ions, similar effects can be expected to occur for other
combinations of metal nanoparticles,”*? anions, and capping
agents, which could be addressed in future studies.

Experimental Section

Microelectrode arrays were fabricated on 4 borosilicate wafers as
substrate using standard cleanroom technology.®® The electrodes
and feedlines were structured using photolithography and a lift-off
process using a double-layer resist (nLof/LOR3B, MicroChemicals
GmbH, Germany). A metal stack consisting of 10 nm titanium,
200 nm gold, and 10 nm titanium was deposited by electron-beam
evaporation. The titanium served as adhesion layers between the
gold and the substrate, as well as the gold and a passivation layer
composed of an alternating layer of silicon oxide and silicon nitride
with a total thickness of 800 nm. Each MEA features 64 electrodes,
which are arranged in an 8x8 array with an inter-electrode dis-
tance of 200 um. The diameter of the electrodes is 12 um. Before
use, the MEAs were cleaned by sonication in acetone for 5 min fol-
lowed by sonication in isopropanol for 5 min and a final rinse with
Milli-Q water (Millipore, 18.2 MQ cm). After each measurement, the
MEAs were again rinsed with Milli-Q water. To establish a reservoir
for the electrolyte solution, a glass ring with 15 mm diameter and
10 mm height was glued onto the MEA using polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning, USA). As electrolyte, we used
700 pL of KCI and/or KNO; aqueous solutions. The citrate-stabilized
silver nanoparticle dispersion was purchased from Sigma Aldrich
(Germany). According to the product specifications it featured
a silver concentration of 0.02 mgmL™" and a particle diameter of
2044 nm as determined by transmission electron microscopy. The
silver nanoparticle suspension was diluted with Milli-Q water di-
rectly before each measurement to a total particle concentration
of 130 pm. 150 pL of silver nanoparticle solution is introduced into
the aqueous solution (leading to a total particle concentration of
23 pm) approximately 7 s after the start of each measurement. Af-
terwards, 2 s of the current trace are neglected for data evaluation.
The following 15 s of the current trace are then used to count the
number of oxidation events (spikes) per time and electrode. The
spike detection is performed using an automated algorithm writ-
ten in Matlab, which selects spikes with a maximum amplitude
that is larger than five times the root mean square of the baseline
current. For the evaluation of the time-resolved oxidation current,
a modified spike detection algorithm was used. To take into ac-
count elongated oxidation events with a lower maximum current
in low chloride concentrations and to avoid a systematic change of
the spike shape by overestimating the influence of noise events,
the threshold criteria was set to a relative value that represents
half of the expectation value. As reference an Ag/AgCl reference
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electrode was used (SuperDri-Ref SDR 2, World Precision Instru-
ments, USA). The oxidation current was measured using a home-
built amplifier system PicoAmp, which records all 64 independent
channels simultaneously at a sampling frequency of 10 kHz per
channel and an overall trans impedance gain of 10 mVpA~'B"*
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