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Abstract

Impact electrochemistry is a set of methods in which individual
micro- or nanoscale particles are detected and analyzed at a
miniaturized electrode. Quantitative interpretation of the re-
sults, in particular the determination of ultralow concentrations,
relies heavily on modeling the mass transport of the particles
being analyzed. This is particularly subtle since, due to favor-
able scaling with increasing particle size, migration and con-
vection play a disproportionate role in the transport of such
particles compared to that of small molecules. Here we sum-
marize the main governing principles in electrochemically-
driven particle transport. We particularly emphasize the dif-
ference between particle electrophoresis and small-ion
migration, which has led to inaccuracies in the recent literature.

Addresses

1 Faculty of Science and Technology and MESA+ Institute for Nano-
technology, University of Twente, PO Box 217, 7500, AE, Enschede,
the Netherlands

2 Department of Chemistry, Purdue University, West Lafayette, IN,
47906, USA

8 Elmore Family School of Electrical and Computer Engineering,
Purdue University, WestLafayette, IN, 47906, USA

Corresponding author: Lemay, Serge G. (s.g.lemay @ utwente.nl)

Current Opinion in Electrochemistry 2023, 39:101265

This review comes from a themed issue on Fundamental and Theo-
retical Electrochemistry

Edited by Michael E.G. Lyons and Christopher Batchelor-McAuley
For a complete overview see the Issue and the Editorial

Available online 5 March 2023
https://doi.org/10.1016/j.coelec.2023.101265

2451-9103/© 2023 The Authors. Published by Elsevier B.V. This is an
open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

Keywords
Single entity electrochemistry, Particle impact electrochemistry, Mass
transport, Migration, Electroosmosis, Tether forces.

Introduction

Particle-impact electrochemistry is a set of stochastic
methods in which collisions of single micro- and nano-
particles with a (miniaturized) electrode generate
discrete (most commonly amperometric) signals. This
approach represents a branch of single-entity electro-
chemistry [1] and offers a promising route towards
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digital sensing [2]. In the most widely studied variants,
signals can result from the influence that the particle
has on the mass transport of a redox mediator (current
blockade [3,4]), the oxidation or reduction of the par-
ticle material itself (direct faradaic impact or stripping
[5]), or the catalytic response of the particle (mediated
faradaic impact [6]). The rate, size and shape of the
discrete signals encode information about the concen-
tration, charge, shape, composition and reactivity of the
particles. Extracting this information, however, requires
detailed understanding of the processes at work.
Because of their relatively large size, mass transport of
particles is far more influenced by migration and con-
vection than that of the typically-used electrochemical
molecular species, which are commonly controlled by
diffusion. Perturbations introduced by the electro-
chemical process are sufficient to significantly influence
transport, which means that great care must be exerted
in extracting quantitative information from particle
impact measurements. With this in mind, here we
summarize the main concepts that govern mass trans-
port of particles in impact electrochemistry.

Diffusion

The diffusion of nano- and microparticles follows the
same principles as the diffusion of molecular species.
The steady-state rate of diffusive transport of particles
to a shrouded disk electrode with radius 7, for example,
is given by the classic result [7]

Jdif = 4D/,n[,r€ (1)

where D, and #, are the diffusion coefficient and the
number density of the particles, respectively, and 7, is the
electrode radius. According to the Einstein relation, the
diffusion coefficient of a particle (neglecting near-wall ef-
fects for simplicity [8]) is given by

T T

D, @)

where £7'is the thermal energy and &, is the Stokes drag
coefficient arising from interactions with the fluid. The
middle expression is general while the last expression
corresponds to the specific case of a spherical particle of
radius 7, for which &, = 6mnr, with 5 the fluid viscosity.
Eq (2) indicates that D, decreases with increasing particle
size, leading to decreased diffusion for larger particles.
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Migration
A particle in an external electric field £ moves with
velocity w, = u,E, where u, is its electrophoretic

mobility. In the majority of impact electrochemistry
experiments, the condition 7, Ap, where Ap is the
Debye screening length, is satisfied. In this case pu,
obeys the Helmholtz—Smoluchowski equation [9],

eC oyADp
=2 =%
n

(rp>>2p) (3)

Here ¢ is the permittivity of the solution and g, is the zeta
potential of the particle. £, is related to the particle surface
charge density, o), as well as the electrolyte composition.
The middle term is general whereas the one on the right
corresponds to the explicit form for {, in the Debye-
Hiickel approximation. Notably, eq (3) indicates that w, is
generally independent of the particle shape or size.

Colloidally stable particles typically have £, on the order
of 10’s of millivolts. Together with eq (3), this indicates
that, contrary to the diffusion coefficient, different
types and sizes of particles generally have electropho-
retic mobilities of the same order of magnitude (some-
what lower zeta potentials have however been studied
by impact electrochemistry in emulsions, for example
[10]). Consequently, it is quite common for transport of
small molecules (large D,) to be dominated by diffusion
while transport of larger particles (small D,) to be
dominated by migration.

Faradaic processes at an electrode generate electric
fields that lead to uncompensated ohmic potential
drops. This behavior is commonly suppressed through a
large excess of supporting electrolyte. For example,
consider the electric field generated during a current
blockade experiment by the steady-state diffusion-
limited one-electron oxidation of a neutral redox medi-
ator at a hemispherical electrode of radius 7r,. The
electric field is then [11,12]

kT 1,
N 2e fyrz

E(r) (v>1) (4)

where v is the (monovalent) supporting electrolyte ratio
(the ratio of the concentration of supporting electrolyte to
that of the electroactive species) and 7 is the distance from
the center of the electrode. Increasing vy decreases the
magnitude of £(r), but a residual field always remains. The
corresponding migration rate of particles is

£l TlpT e
4 Y

Jmig =

(v>1) (5)

This formulation for the migration flux is less general
than one based on the faradaic current and ion mobil-
ities [3], as it applies to a specific solution composition,

but it is introduced here to show explicitly the role of
the supporting electrolyte.

The diffusive and migration fluxes of particles to the
electrode as given by eq (1) and eq (5) are plotted in
Figure 1 with respect to 7, for typical parameters. We
can see that particle migration dominates over diffusion
under most circumstances. This is true for low v values,
as might be expected, but also at a ‘sufficiently large’
support ratio of v = 100 for particles with 7, 250 nm.
(This initially came as a surprise when we performed the
first current blockade experiments and observed many
more events than had been estimated based on pure
diffusion [3]).

The plots in Figure 1 differ from those published in
recent works [13,14] in that they exhibit a size-
independent migration flux. The origin of this discrep-
ancy is that these recent works employ the Hiickel-
Onsager law [9] instead of eq (3) for the electropho-
retic mobility,

(rp<ip) (6)
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Impact rate versus particle radius for pure diffusion (dashed blue line),
pure migration (dashed red lines, for different supporting electrolyte ratios
v) and the sum of the two components (solid red lines). Based on

T =293K,re =5um, n = 103 kg/sm, e, = 78, and { = —50 mV.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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"This expression exhibits a dependence on 7, for a fixed
0, in contrast to the Helmholtz—Smoluchowski law (eq
(3)). More explicitly, apart from the numerical factor of
2/3, the two equations differ in that the factor Ap in eq
(3) (a property of the solution) is replaced by a factor 7,
in eq (6) (a property of the particle). The physical origin
of this difference is that when 7,<Ap, the forces acting
on the particle are the bare electrostatic force acting on
its total charge and the opposing Stokes drag. The shear
force leading to drag is set by the size of the particle 7,
as described in eq (2). When 7, >> Ap, on the other hand,
the electrostatic force, which also acts with an equal but
opposite magnitude on the thin electrical double layer
around the particle, instead causes the fluid to be
sheared on a length scale Ap. This causes the drag to be
larger by a factor 7,/ Ap and the mobility to be smaller by
a factor Ap/r, compared to the small-particle case
(ironically this is often described as the particle having a
smaller “effective charge”, but the culprit is hydrody-
namics). Eq (6) is appropriate to describe the migration
of small ions [7], but it is rarely applicable for experi-
mental situations involving larger particles. In the ma-
jority of cases in impact electrochemistry, eq (3) should
be used instead. An alternative to eq (3) is to employ
experimental values of the mobility (as was done in a
recent work on bacteria [15]). This is in practice
completely equivalent since most zeta potentials mea-
surement methods, such as dynamic light scattering
(DLS), infer §, by measuring u, and applying eq (3).

Other solution compositions and electrode geometries
can lead to more complex forms than eq (4), but the
magnitude of the electric field remains comparable. In
particular, the shape of the electrode does not have
much impact on the distance dependence of the electric
field: far from the electrode, the field always falls off as
1/72. This is because, insofar as charge neutrality holds,
the electrostatic potential ¢(r, 8, @) obeys the Laplace
equation, Vzgo = 0, whose solution can be expanded in
the form [16],

/

0(r,0.9) = > D7 [Aur + Bur~ "V [Vi(0,0) (@)
/=0 /

m=—

Here Yy,(0, ) are the so-called spherical harmonics while
Ay, and By, are a set of constants that are specified by the
boundary conditions. Under the common convention that
@(r =) = 0,4, = 0 for all / and m. Furthermore the
contribution to the potential from the terms with / > 0 fall
off faster with increasing » than the / = 0 term. Conse-
quently, at large enough r (in practice a few times the
electrode size) the 1/r term dominates this expansion.
Qualitatively, the picture that emerges is that details of the
shape of the electrode get washed away with increasing
distance until only a simple spherically symmetric distri-
bution (the Yyp term) remains. The corresponding expres-
sion for the electric field far from the electrode reduces to
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the universal form £(r) = — Vo(r,0,9) = — Boo/\/47r?,
with only the numerical value of the constant Byy depending
on the size and geometry of the electrode. This generally
applies to disks, hemispheres, bands, recessed electrodes,
spheroids, and their ensembles, so long as steady state is
reached. The same principle holds for diffusive transport
since the diffusion equation also reduces to the Laplace
equation in the steady state. This convenient property of
the Laplace equation can be used to improve the accuracy of
finite element calculations by matching the numerical so-
lution to the analytical form at the boundary of a simulated
hemispherical volume [3]. It also implies that the size and
shape of the electrode do not affect the ratio between Jyi¢
and Jy;z as these factors affect both types of trans-
port equally.

Electric fields arise to some level in all forms of particle
impact electrochemistry measurements. In current
blockade measurements, this is explicit because of the
presence of a redox mediator. In the specific case of eq
(5), for example, the mediator concentration enters the
equation for the electric field via the support ratio, .
But faradaic currents are also to some degree present in
other types of impact electrochemistry, as they can
result from background reactions or from previously
landed particles at the electrode in catalytic detection
experiments. Simply put, if the current at the working
electrode is not precisely zero (and it only ever is tran-
siently), then electric fields cause at least some degree
of particle migration. Because larger particles are very
sensitive to migration, as illustrated in Figure 1, even
non-essential background reactions can potentially lead
to migration-dominated mass transport. This complica-
tion is largely ignored in the literature outside current
blockade impact.

We note that migration can effectively prevent particle
impacts if the polarity of the electric field is such that it
repels the particles instead of attracting them. As indi-
cated by eq (1), a net oxidation reaction causes nega-
tively charged particles to migrate towards the electrode
and positive particles to be repelled. The opposite is
true of a cathodic current since this leads to electric
fields with the opposite polarity. For example, in a
reorcent work on hemispherical Hg electrodes using
ruthenium hexamine reduction as a mediator, amine-
functionalized polystyrene particles were employed
instead of bare polystyrene [14].

The discussion above has focused on the long-range
transport of particles from bulk solution to an elec-
trode. Several groups have also interrogated the fasci-
nating internal dynamics of collision events on the ms
time scale [17—21]. Detailed analysis of these results
focused on diffusion and ignored migration entirely.
This can be rationalized by noting that the distance
traveled by a particle within a time scale 7 by migration
18 /mig = m, L7, while the corresponding length scale for
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diffusion is /gt =+/2D7. The ratio /gi/lmig ~ 771/% di-
verges at short 7, reflecting the fact that diffusion
dominates at sufficiently short length and time scales.

Self-induced convection

Just as for migration, convection may play a more sub-
stantial role for particle transport than is conventionally
thought of due to the low diffusivity of larger particles.
Externally imposed convection can usually be assumed
to be insignificant at the length scales involved in par-
ticle impact experiments, but an additional local source
of convection arises from the electrochemical process
itself in the form of electroosmotic flows (EOFs). In
short, EOFs are generated when an electric field ori-
ented parallel to a charged surface exerts a force on the
ions forming the electrical double layer at that surface.
Just like in particle electrophoresis, the force exerted on
the ions is transferred to the fluid through viscous drag,
leading to flow. Earlier examples in the context of
electrochemistry include micropumping generated at
bimetallic electrodes [22] and in nanocapillary array
membranes [23].

'This scenario also arises for shrouded electrodes, albeit
in a more subtle manner. A radial electric field and a
corresponding EOF are generated along the (charged)
surface of the insulator surrounding an electrode during
a faradaic process. For a disk electrode, for example, a
faradaic reaction gives rise to a toroidal flow pattern, as
illustrated by the simulations in Figure 2. The speeds at
which the fluid is propelled are comparable to those of

Figure 2

electrophoretically driven particles, and can thus have a
profound impact on their trajectories. This effect was
recently reported for both bacterial [24] and synthetic
[25] microparticles. It was further invoked to explain
the changes in configuration of graphene nanoplatelets
during collision events [26].

The convective behavior has important qualitative
consequences. In particular, it leads to “near-miss”
events in which particles migrate toward the electrode,
only to be deflected by the EOFE If the deflection occurs
far from the electrode (a few times 7;,), the particle may
not be detected at all. Interestingly, at sufficiently low
supporting electrolyte ratio, electrochemically induced
convection is also sufficiently pronounced to influence
the transport-limited current of a neutral redox spe-
cies [25].

Electrophoretic forces on particles

A charged particle that migrates in solution under the
influence of an electric field experiences no net force
since the direct electrostatic force is exactly counter-
balanced by viscous drag (usually from shear taking
place within the electrical double layer, as discussed
above). In order to hold the particle motionless in an
electric field, however, an external force must be
applied. This scenario can arise when a particle is held
in place by a linker such as a long polymer, as illus-
trated in Figure 3. The electrophoretic force F), acting
on a tethered particle in an electric field is given
by [27]
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Simulated streamline plots for (a) solution and (b) particle velocities near a disk microelectrode during steady-state oxidation of a redox mediator (5 pm
electrode radius, 2 mM redox mediator, 0.035 mM supporting electrolyte). The plots are in cylindrical coordinates and axisymmetric, with (r,z) = (0,0)
corresponding to the electrode center. (a) The solution exhibits an outward flow along the surface due to the oxidation-induced EOF. This in turn induces a
downward flow of fluid above the electrode. (b) The EOF causes some particles to be deflected from the electrode. Reprinted with permission from

Ref. [24]. Copyright 2020 American Chemical Society.
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Schematic illustration of the interplay of forces induced by a redox reaction
on a tethered particle. In this example, reduction of a redox mediator at the
electrode causes an electric field oriented toward the electrode. The
repulsive electric force exerted by this field on the negatively charged
particle is partially cancelled by the force on the positive electrical double
layer surrounding it. Part of the latter is communicated mechanically to the
particle via viscous drag from the EOF induced around the particle.

Fy = Eyu,E (8)

Combined with eq (3) and eq (4), this yields an esti-
mate for the force on a particle near the surface of an
electrode and in the presence of a redox mediator

_3mkTES, 1,

F,
? ey T

(rp<re, v>1) 9)

The magnitude of the force is rather modest. For
example, v = 100 and other parameters as per Figure 1,
the force is 9 fN. This is barely sufficient to, e.g., deform
a double-stranded DNA linker, and is negligible for
typical polymers with shorter persistence lengths. The
faradaic process is therefore not expected to signifi-
cantly influence the tethering properties at high
supporting ratios. This is in contrast to the case of
polymers translocating through nanoscale pores, where
the electric field is highly focused by the pore and the
forces become appreciable [28]. Care must however be
exerted with nanoscale electrodes or at very low
supporting ratios, where more significant forces in the
pN range become accessible. While this interplay of
forces has not yet been explored experimentally in the
context of impact electrochemistry, it is likely to
become relevant as affinity-based sensors are construc-
ted based on impact methods.

Conclusion and outlook
We have argued that electrophoretic and electroosmotic
forces play a disproportionate role in determining the
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trajectories of micro- and nanoparticles in impact elec-
trochemistry experiments. This is most evident in cur-
rent blockade impact, where the use of a redox mediator
necessarily implies the generation of electric fields and
convective flows. In practice, however, background
currents exist in most particle impact experiments, and
their potentially profound influence on the observed
behavior must be considered when interpreting experi-
mental results at a quantitative level. This is particularly
important because the main route to determining par-
ticle concentration from impact measurements has
consisted in measuring the impact rate and inferring the
concentration via modeling.

We have concentrated here on the transport of particles
to an electrode via the three primary, inevitable modes
of mass transport in conventional electrochemistry.
Additional mechanisms can profoundly influence trans-
port, however, for example dielectrophoresis and elec-
trothermal fluid flows induced by a purposefully applied
AC excitation [29,30], self-propelled biocatalytic
micromotors [31], active pumping via on-chip elec-
trodes in microfluidics [32], dynamic chemical in-
teractions with the electrode [33], and various forms of
confinement [34]. An area that was not addressed sys-
tematically in the primary literature so far is the influ-
ence of migration and convection on the distribution of
landing sites of particles on an electrode, which has
important consequences for interpreting current
blockade experiments or when using impact methods
for assembling advanced materials [35]. Both diffusion
and migration lead to uneven particle distributions for
all but the simplest geometries. For example, particles
tend to accumulate near the edges of shrouded disk
electrodes [36,37]. Several approaches have been
introduced recently to mitigate these effects include
the use of hemispherical [14] and ring [37] electrodes as
well as electrocatalytic interruption [38]. Finally, we
have not addressed here the information that can be
extracted from the shape of the transients during impact
events, a promising route for extracting quantitative
information from impact measurements [15,39].

We also discussed the forces generated when a particle is
tethered to an electrode at which a faradaic reaction
takes place. To date much of the focus of impact elec-
trochemistry has been on the development and under-
standing of the methods themselves. As the field
matures, however, one can expect the focus to shift
increasingly towards their utilization as readout modal-
ity in more complex experiments, where tethered con-
structs may prove essential.
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