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Adsorbed microdroplets are mobile at the nanoscale
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The extraordinary chemistry of microdroplets has reshaped how we as a community think
about reactivity near multiphase boundaries. Even though interesting physico-chemical
properties of microdroplets have been reported, “sessile” droplets’ inherent mobility,
which has been implicated as a driving force for curious chemistry, has not been well
established. This paper seeks to answer the question: Can adsorbed microdroplets be
mobile at the nanoscale? This is a tantalizing question, as almost no measurement tech-
nique has the spatiotemporal resolution to answer it. Here, we demonstrate a highly
sensitive technique to detect nanometric motions of insulating bodies adsorbed to elec-
trified microinterfaces. We place an organic droplet atop a microelectrode and track its
dissolution by driving a heterogeneous reaction in the aqueous continuous phase. As the
droplet’s contact radius approaches the size of the microelectrode, the current versus time
curve remarkably displays abrupt changes in current. We used finite element modeling
to demonstrate these abrupt steps are due to nanometric movements of the three-phase
boundary, where the nonaqueous droplet meets the aqueous phase and the electrode.
Furthermore, the velocity with which the liquid interface moves can be estimated to
tens-to-hundreds of nanometers per second. Our results indicate that processes that are
driven by contact electrification and the frictional movement of bodies on a surface may
be at play even when a droplet seems quiescent.

microdroplets | nanometrology | contact electrification

Droplets acquire charge in myriad ways, and scientists have been chasing explanations for
over a century and a half. For example, Lord Kelvin was able to develop an electrostatic
generator in 1867 (1), later called the Kelvin dropper, based on this phenomenon (2).
Decades later (and a few years before his cathode ray tube experiments), J. J. Thomson
also studied falling water droplets and eventually agreed with previous reports (3) sug-
gesting that droplets lose a surface coating of electricity when colliding with a surface (4).
In addition to splashing, droplets have been shown to accrue charge via dripping (5),
pipetting (6), spraying (7), sliding (8-10). and coalescence-induced jumping (11). In
many of these cases, the exact mechanism by which charges separate is still debated.
Nevertheless, when droplets are formed and/or when they move across a surface, they
often acquire charge, and this phenomenon is believed to be able to provide significant
harvestable energy (12).

The physics of spontaneous charging in droplets is particularly exciting when one
considers other scientific frontiers regarding these small volumes—that of chemical reac-
tion acceleration (13, 14) and spontaneous chemistry (15, 16) observed to happen inside
these entities. There are several proposed physico-chemical effects (14, 17, 18), including
partial solvation at the interface (19), to explain such phenomena. In many of these
observations, strong electric fields at the surface of these droplets are implicated in the
mechanism (17), which would especially arise when the droplets are charged (20-24).
These findings provide viable explanations for how the essential, molecular building blocks
for life could have been constructed inside droplets that are abundant in Nature (25, 26).
Herein, we show that a different type of droplet movement—dissolution-induced slip-
ping—occurs at the nanometer scale. This phenomenon can simultaneously concentrate
reactants (27) and potentially give rise to charged droplets, which unveils another viable
pathway by which Nature could have used water droplets to create vital biomolecules and
catalyze other important reactions (25).

Given the prevalence of reports about spontaneous charging occurring when droplets
slip across an interface, we set out to answer the question: How do such droplets move at
the nanoscale? When stuck in a rainstorm seeing droplets quickly gliding down a wind-
shield, it may be tempting to assume that a droplet moves along a continuous positional
curve with time. However, it is hard to imagine slower-moving droplets doing so at the
nanoscale, and especially for static droplets. Experimental methods to detect nanometric
movements of droplets are largely missing, either lacking the spatial or the temporal
resolution required. Here, we present a method that allows one to ascertain that an
adsorbed droplet can (and often does) move nanometers at a time.
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Significance

Over the past decade, research
across scientific fields have
revealed the new truth of Nature
that microdroplets possess
extraordinary capabilities. This
observation is largely due to the
ability of molecules to interact
with phase boundaries, which
have important physico-chemical
properties, such as very high
electric fields, that may drive
reactions that otherwise would
not proceed in bulk phases.
Recently, the triboelectric effect
has been shown to play a crucial
role in microdroplet curious
chemistry. Here, we show that
microdroplets adsorbed to
interfaces can move at the
nanoscale, upending the model
for what constitutes a “sessile”
droplet. Our results indicate that
small nanometric motions of
phase boundaries, which harness
a high electric field, must be
considered in understanding
adsorbed microdroplet curious
chemistry.
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To induce movement, we chose to study organic droplets that
are submerged in an aqueous phase with which they are only slightly
soluble. This slight solubility causes a change in volume over long
periods of time as the droplet dissolves into the continuous phase.
This decrease in volume can manifest in a number of ways: a) a
droplet that can maintain its initial contact area but slowly decrease
its contact angle (28), b) a droplet can keep its contact angle con-
stant but decrease its contact area (29), or c) some combination of
(a) and (b) simultaneously (30). Often droplets dissolve by main-
taining a certain contact area for a while (i.e., “sticking”) and then
suddenly decreasing their contact area all at once (i.e., “slipping”)
in a mechanism sometimes called “slip-and-stick” (31, 32).

Currently, there is no sufficiently resolved methodology that
has experimentally validated how small these slipping distances
can be. A typical method to assess micron-sized droplet steps
during dissolution is light microscopy (33-35), which is theo-
retically able to reach subdiffraction limits with more arduous
superresolution techniques (36-39). Yet to our knowledge, these
techniques have not yet been applied to examining nanometric
droplet movements. The main techniques achieving
high-resolution droplet dissolution/evaporation analysis include
scanning polarization force microscopy (SPFM) (40, 41) and
optomechanical probes (42). While these techniques can achieve
nanometer lateral resolution of droplet contact areas, they either
suffer from poor time resolution (e.g., for SPEM) or by typically
assuming only one mode of dissolution. An approach to resolve
between different modes of droplet dissolution/evaporation with
high time resolution is currently lacking. Herein, we demon-
strate that one can use electrochemistry to witness adsorbed
microdroplets moving nanometers. With droplet dissolution
being an interesting case study, the simplicity of this electrical
method—i.e., directly measuring the current from the oxida-
tion/reduction of solution species on a small electrode—can
provide high-resolution for observing movements from many
different dynamic entities in real time. However, nanometer
movements of dissolving droplets have not previously been
resolved, to our knowledge, and introduces exciting questions
about whether any interesting charge separation and/or unique
chemistry occurs due to this phenomenon.

Results and Discussion

We argue herein that electrochemistry is well suited to detect changes
in contact radius of an insulating material on the order of nanom-
eters. To illustrate this, consider a thought experiment wherein a
microelectrode (~12.5 pum in diameter) is used to drive an electro-
chemical reaction. There still exists a radially symmetric current
density profile at a microelectrode when driving a reaction. To quan-
tify and visualize this, a COMSOL Multiphysics finite element
model was designed to find the current density over the electrode area
(details of the COMSOL simulation are described in ST Appendix).
In brief, a 2-dimension-axial symmetric, time-dependent simulation
was performed and the flux due to the reduction of 195 mM ferricy-
anide along the electrode radius (7, = 6.35 pm, estimated from the
steady-state current) is plotted in S/ Appendix, Fig. S1. Plotting the
current density over the surface area of the electrode results in Fig. 14,
where the current density is plotted every 30 nm and the outermost
150 nm is not plotted since the magnitude of current in this region
is substandially larger and drowns out the gradient observed along
the electrode radius. This serves as a striking reminder that even with
microelectrodes, where radial diffusion largely dictates mass trans-
port, a large portion of the current is still confined to the edge of
the electrode, making this the most sensitive region to detect any
motion of an insulating entity.
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Fig. 1. (A) Simulated current density over the ultramicroelectrode during the
amperometric reduction of 195 mM K;[(Fe(CN)e)]. The current density is plotted
every 30 nm and the last 150 nm were not plotted, to better show the gradient
along the electrode. (B) Schematic of the various geometric parameters used to
estimate current step sizes of a circular, insulating entity: the r, represents the
electrode radius and is kept constant, while R, is the droplet contact radius, d
represents the distance between the center of the electrode and the center of
the droplet, and AR, (shown in Inset) represents the change in droplet contact
radius. (C) Simulated values of changes in current (black circles, Left axis) from
a change in contact radius of 10 nm as a function of d. The initial magnitude
of current before the 10 nm change in radius is also plotted (red squares,
Right axis).

With these ideas in mind, we asked ourselves what change in
current would be measured if an insulating, near-circular object
was adsorbed on this electrode and suddenly decreased in radius
by several nanometers. For an initial estimate to answer this
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question, we decided to calculate the magnitude of current that
would be observed if one were to discount a circular portion of the
current density profile from the ultramicroelectrode. The geometric
variables relevant to these calculations are shown in Fig. 1B. In our
calculations, we used a value of the electrode’s radius (7, = 6.35
um), and imagined a circular insulator contact area, with 6 pm
radius (R,) and whose center is 4 distance away from the center of
the electrode. We then integrated the current density of the elec-
trode from Fig. 14 that was not covered by this circular droplet
contact area (details described in S Appendix). This gives us an
initial current value before a change in radius. Then, we envisioned
a slip event, wherein the insulator’s contact radius changes by a
distance (AR)) and recalculated the current from the exposed elec-
trode surface area (which now has an additional arc region exposed),
as shown in the fnser of Fig. 1B. The difference between the calcu-
lated current before and after the slip event gives an estimate for
the magnitude of the change in current that we would observe if
the imagined droplet slips by a given distance. Fig. 1C shows the
changes in current (black circles) to be observed from an electrode
that is partially blocked by a 6 um radius insulating circle that
decreases its radius by only 10 nm. This change in current is cer-
tainly affected by the distance between the centers of the insulating
circle and the electrode (), with the greatest changes in current
being seen at smaller values of d. Nevertheless, the range of changes
in current observed under these conditions for 10 nm changes in
contact radius are from ~0.2 to 1.5 nA, which is easily detectable
electrochemically, suggesting that electrochemistry can detect
nanometer movements of multiphase boundaries. While our sim-
ulations indicate that the resolving power of this technique is
sub-nm, uncertainties in the exact positioning of the microdroplet
phase boundary decrease slip size accuracy. Nanometric movements
are most resolvable where flux is highest, which is at the microe-
lectrode|glass|solution interface.

We then set out to verify that electrochemistry can detect such
nanometric motions. In Nature, prebiotically relevant microdroplets
move for a variety of reasons, ranging from mechanical perturba-
tions (the wind rustling a leaf) to movements during evaporation
(liquid aerosols) or dissolution (emulsions), the last two of which
follow the same physical principles (32). Previously, our group has
studied microdroplets that are actively dissolving on an ultramicro-
electrode (43). From the discussion above, a dissolving microdroplet
is a perfect system to test our hypothesis because the droplet contact
is rather circular, and the droplet can be an insulating body. Droplets
of 1,2-dichloroethane (tens of micrometers in diameter) were micro-
injected onto a gold inlaid disk ultramicroelectrode with the aque-
ous bulk phase comprising a high concentration of aqueous
K;,[(Fe(CN)g]. This droplet dissolves into the aqueous bulk phase,
accessing tiny volumes and geometries. Due to the pinning of the
three-phase boundary, the droplet remains relatively centered on
the electrode surface (43). The experimental setup is shown in Fig. 2.
Because reactive species autocatalytically decompose on various
conductors, the experimental design presented here is not amenable
to the detection and quantitation of small amounts of highly reactive
redox molecules, such as hydrogen peroxide (44—50). The current
from the electrode was measured while simultaneously imaging the
droplet size using a high-resolution camera. Two examples of dis-
solving droplets are shown in Fig. 3. Preceding the 1,2-dichloroethane
droplet injection shown in Fig. 34, a cyclic voltammogram for the
bulk phase (S7 Appendisx, Fig. S2) determines an apparent standard
potential (E”) of 0.2 V for the Fe(CN)63_/ Fe(CN)" redox couple.
A concentration of 195 mM of K;[(Fe(CN)] was selected for these
experiments due to its high solubility in water and notable insolu-
bility in 1,2-dichloroethane, ensuring its retention in the aqueous
phase even in the presence of a 1,2-dichloroethane droplet. This
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Fig. 2. Experimental setup used to visualize droplet dissolution with
in situ monitoring of the droplet size and simultaneous recording of their
electrochemical response. A 6.35 um radius Au ultramicroelectrode is held
vertically submerged in an aqueous bulk phase. A camera allows precise
monitoring of the position of the microcapillary and Au disk. The microinjection
system allowed us to deliver small volumes of organic phase on the Au disk.
A potentiostat monitors the current from the electrochemical reduction of
any bulk, agueous ferricyanide that can access the electrode surface as the
droplet dissolves.

characteristic allows the 1,2-dichloroethane droplet to effectively
obstruct the flux of K;[(Fe(CN),)] to the electrode surface (mani-
festing in very low currents) until the droplet reaches sufficiently
small volumes. In the first example, optical micrographs shown in
Fig. 34 recorded the location and size of the dissolving droplet over
time, with “# = 0 s” marking the precise positioning of the
1,2-dichloroethane droplet onto the Au disk. Each micrograph
highlights a bright spot at the center, enclosed by a red circle, rep-
resenting the circumference of the exposed Au disk within the sur-
rounding glass sheath. The initial apparent radius (R)) of the droplet
in this case was measured to be 38 + 2 pm, which corresponds to a
contact radius (R) of 19 + 2 pm [using SI Appendix, Eqs. S1-83
and previously reported contact angles of 1,2-dichloroethane on
glass (51)]. The disappearance of the droplet in the micrographs
reveals the time it takes each droplet to fully dissolve (e.g., 252 + 2
s for the droplet in Fig. 34).

In addition to monitoring the droplet’s geometry optically, the
electrochemical response was recorded over time. Chronoampero-
metry was performed under diffusion-limited steady-state condi-
tions as indicated in Fig. 3, specifically at potentials where a
steady-state current of -330 nA is observed, i.e., at 0.1 V vs.
Ag/AgCl in 1 M potassium chloride (KCI) for the reduction of
Fe(CN)63' to Fe(CN)64_. Fig. 3B displays one such amperogram
recorded during the dissolution of the 1,2-dichloroethane droplet
in an aqueous bulk phase containing 195 mM K;[(Fe(CN),)] shown
in Fig. 3A. The steady-state limiting current value (measured on the
bare ultramicroelectrode prior to the pipetting of a 1,2-dichloroethane
droplet) is marked on the amperogram in Fig. 3B with a dashed line
(i;). The marked points on the amperogram, numbered 1 to 8 in
black font, indicate the times at which the micrographs in Fig. 34
were recorded. As anticipated, when the droplet size is substantial
relative to the electrode (evident in micrographs 1 and 2 in Fig. 34),
the measured current is significantly lower compared to the
steady-state current in the absence of the droplet. This reduction in
current occurs as the 1,2-dichloroethane droplet obstructs the flux
of Fe(CN)()a’ to the electrode surface. As the 1,2-dichloroethane
droplet diminishes to smaller volumes, a noticeable increase in cur-
rent magnitude is observed (points marked from 3 to 8 in Fig. 3B).
After the complete dissolution of the droplet, a steady current
emerges with a magnitude comparable to i .. This scenario manifests
as a type of blocking experiment offering accurate measurements
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for the lifetimes of microdroplets, which could in turn enable us to
understand the dissolution dynamics of microdroplets (31, 52, 53).

In several of the 1,2-dichloroethane droplets that we studied, we
could optically observe the droplets becoming temporarily pinned
at various points of the gold|glass interface and then suddenly slip-
ping a large distance (e.g., see micrographs 4 and 5 in Fig. 34). When
correlating these slipping events with time points in the amperogram,
it was evident that large current steps directly align with abrupt
changes in droplet position. Movie S1 provides a simultaneous vis-
ualization of the amperogram and droplet dynamics for the data
presented in Fig. 3 A and B. We acknowledge that the slipping events
are sensitive to the surface topology of the microelectrode as the
droplet geometry recedes toward the electrode surface, where surface
heterogeneities are expected. These instantaneous jumps signify
abrupt slips or shifts in the three-phase boundary of the droplet, a
phenomenon commonly observed during the dissolution of sessile
droplets (32). Notably, it is essential to acknowledge that not every
step on the amperogram in Fig. 3B directly correlates with a discern-
ible jump in droplet position in Movie S1. However, in many other
dissolving droplets studied (e.g., the one shown in Fig. 3C), the time
evolution of the droplet optically appears rather homogeneous, with
few-to-no discernable slips in the micrographs. However, when one
examines the concurrent amperogram (Fig. 3 D and E), many sud-
den smaller steps in current can be still observed, suggesting that the
dissolving droplet had slipped and slightly changed the portion of
the electrode that was exposed to the bulk solution containing the
redox-active species. Several replicate amperograms collected during
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droplet dissolution are presented in S/ Appendix, Fig. S3. While a
few large steps in current over 50 nA were observed, a majority of
step sizes are detected under 5 nA, with a few replicates having over
75% of steps detected below 2 nA (SI Appendix, Figs. S4-S6). Given
the thought experiment laid out in Fig. 1, many of these steps in
current fall within the range of what one would expect for nanometer
changes in contact radius of an insulating entity.

From these results, one may begin to construct a model to
answer the question: What change in contact area would give rise
to the smallest of these current steps? In other words, how small
are the slipping events that we are detecting electrochemically?
With the knowledge from Fig. 1C that electrochemistry is most
sensitive to changes in contact area when the insulating entity is
centered above the electrode, we decided to conduct another finite
element model to mimic these conditions to ascertain a lower
limit. Details of the finite element model and a COMSOL report
are given in ST Appendix. In brief, a droplet with a certain contact
radius and contact angle was modeled. The geometry of the drop-
let above the electrode and the quality of meshing in this
COMSOL finite element model are shown in Fig. 44. A flux
boundary between the edge of the electrode and continuous phase
around the droplet using Butler—Volmer kinetics was used to sim-
ulate the current arising from the reduction of ferricyanide. The
initial concentration of K;[(Fe(CN)y)] was set at 195 mM to
mimic experimental conditions. Additionally, we have assumed
constant mass transfer coefficients within the short timeframes
simulated. These should not change by orders of magnitude and

Droplet
Injection Complete
J Dissolution

0 55 110 165 220 275

t(s)
E .60
70}
< -80}
E
= 90}
100}
400 425 450 475 500 525 550
t(s)

Fig. 3. (A) Optical micrographs recorded during the dissolution of a 38 + 2 um radius 1,2-dichloroethane droplet in an aqueous bulk phase containing 195
mM K;[(Fe(CN),)l. The solid red line on the micrographs indicated the position of the Au disk (Scale bar: 20 um.) Panel B shows the i-t response from an Au
ultramicroelectrode biased at a potential of —0.1 V vs. Ag/AgCl that was measured simultaneously with the optical micrographs during the dissolution of the
1,2-dichloroethane droplet. The i-t response is annotated with numbers from 1 to 8 in black font, corresponding to the micrograph numbers in A. The cathodic
limiting current (i, ) observed due to reduction of ferricyanide on the bare electrode in solution without a droplet is labeled with a dotted line. The amperogram
shown in B does not involve any noise filtering. (C) Optical micrographs recorded during the dissolution of a 64 + 2 um radius, 1,2-dichloroethane droplet in an
aqueous bulk phase containing 195 mM K;[(Fe(CN)g)] (Scale bar: 20 um.) (D) The i-t response recorded simultaneously with the optical micrographs in C, at an
applied potential of 0 V vs. Ag/AgCl (sample rate: 0.01 s). Numbers 1 to 5 in red font in the i-t response correspond to micrograph numbers in C. (E) Highlights
abrupt jJumps in the current transient, with the black trace representing noise-filtered data using a Savitzky-Golay filter.
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thus should not impact the results drastically. A constant potential
was applied for 100 s in the model, at which point the current
value was taken to be the integrated value of the flux rotated
around the axis of symmetry multiplied by Faraday’s constant. An
example concentration profile around the droplet at the end of a
representative simulation is shown in Fig. 4 Band C. By changing
the contact radius and contact angle of the droplet, one can sim-
ulate the current measured during the dissolution process.
Before describing the results of the simulation, it is important to
describe the assumptions made in this simulation. Given the cor-
relation of larger changes in current occurring at the time of visible
slipping events, we presume that the main type of dissolution mech-
anism is the “stick-slip” method, which has previously been shown
to occur, but without knowledge of how small the slips can be. These
two modes (stick and slip) can be seen in Fig. 4D, portions (i) and
(ii), respectively. Either the droplet contact radius is kept constant
while the contact angle decreases during dissolution [(i), stick] or
the contact radius suddenly decreases [(ii), slip] where the droplet
volume is maintained over the presumably very short time that slip
events were amperometrically detected. With this in mind, we chose
to try to specifically estimate the magnitude of three current steps
observed in Fig. 3D. The Savitzky—Golay filtered data of these slip
events are shown in Fig. 4F and ST Appendix, Fig. S7. Here, the time
of the randomly selected steps is earlier in the dissolution of the
droplet, and thus a larger contact angle (6, = 120°) was chosen and
a R value was found to give the same limiting current as a point in
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the amperogram (i.e., point 1 in Fig. 4E). SI Appendix, Table S1
shows all values of 8, and R, found with the simulation and plotted
in Fig. 4D. It is crucial to note that the values provided in
SI Appendix, Table S1, which show 8, values down to four decimal
places, are not measured experimentally but are directly derived
from simulation results for slip events occurring at the nanoscale.
‘The droplet was simulated to dissolve via the stick mode for regions
of the amperogram between labeled points 1-3, 4-5, 6-7, and 8-9.
During these times, the contact radius was kept constant while the
contact angle was decreased such that a constant dissolution rate
was maintained [droplet dynamic (i) in Fig. 4D]. This appears to
be a fair assumption since the dissolution rate is not expected to
change appreciably during the relatively short time frame of the
simulation (i.e., under 20 s) and the droplet is still substantially
large (i.e., over 10 pm in diameter). Then three slip events were
simulated to occur between labeled points 3-4, 5-6, and 7-8. During
these times, the simulated contact radius decreases, and the contact
angle increases such that the volume of the droplet is maintained
[droplet dynamic (ii) in Fig. 4D]. Keeping the volume constant is
a sufficient estimate considering the short time scale of these slip
events (i.e., a majority of steps in current occur within a few hundred
milliseconds). Upon simulating, the droplet slipping events were
estimated to arise from changes in contact radii of 4.3 nm, 0.5 nm,
and 3.7 nm. However, Fig. 1Cshows us that the changes in current
from a sudden step can range by an order of magnitude depending
on how centered the droplet is. Therefore, we can estimate that these
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TS R e — a1

525 530 535

t(s)

Fig. 4. (A) Image of the meshing around the droplet used in the COMSOL, 2D-axial symmetric model, with finer meshing used near the base of the centered
droplet, where a thin ring of electrode is exposed. (B) Simulated concentration profile of K5[(Fe(CN)y] rotated around the axis of symmetry after 100 s of applying the
experimental reducing potential (the bulk solution originally contained 195 mM K;[(Fe(CN)]). (C) Inset of B showing the 2D concentration profile near the exposed
portion of the electrode. (D) Different types of droplet movement assumed in the simulation: i) a “stick” mode of dissolution where the contact area does not change
but the volume decreases and ii) a “slip” event, where the droplet suddenly decreases its contact area. The predicted amperometric (i-t) response for each droplet
dynamic mode is shown in the Right column. (F) Comparison between experimental (solid red) and simulated (dashed blue) amperograms during the dissolution
of a 1,2-dichloroethane droplet when 195 mM of K;[(Fe(CN)4] is present in the continuous phase. The labeled points on the plot indicate simulated current values
using COMSOL. The specific geometry of the droplet at each numbered point is detailed in S/ Appendix, Table S1. The assumed mode of dissolution between points
1-3, 4-5, 6-7, and 8-9 was constant contact radius mode, whereas slipping events were presumed to happen between points 3-4, 5-6, and 7-8. The dataset plotted
in E is the noise-filtered (Savitzky-Golay filter) dataset from Fig. 3D. An overlay with the raw experimental data can be found in S/ Appendix, Fig. S7.
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current steps arise from 40 nm down to under a nm! Considering
the time required for the current to step in the amperogram (i.e.,
hundreds-of-microseconds), we can also estimate that the liquid—
liquid boundary can move tens-to-hundreds of nanometers per
second, calling into question whether many “sessile” droplets are
indeed immobile at the nanoscale.

Of all measurement techniques to date, none are capable of prob-
ing whether or not adsorbed microdroplets are mobile at the nano-
scale with such high temporal resolution. Our work presents a
simple electrical readout of nanometric motions of multiphase
boundaries. While our technique cannot precisely determine what
the contact radius or contact angle is for a dissolving droplet at a
given time, we have made informed decisions of droplet geometries
in our analyses to validate the existence of nanometer slip-stick
events. As far as we know, such direct observation of these phenom-
ena has been previously unachievable. By taking advantage of ultra-
microelectrodes, where most of the current occurs from the redox
reactions occurring at its perimeter due to the edge effect, slight
changes in droplet radii that uncover parts of a microelectrode’s
perimeter give rise to measurable current steps, providing the smok-
ing gun to validate that slipping events occur at the nanoscale.

Conclusion

Microdroplets permeate Nature, and their physical properties have
captivated scientists for centuries. Droplets have previously been
splashed, sprayed, and slid to induce triboelectric charge separation,
which has been implicated in the unique reaction acceleration found
therein. However, could such charging occur in droplets seemingly
at rest? Our findings indicate that adsorbed microdroplets can indeed
be mobile at the nanoscale. Since microdroplets undergo evaporation
and dissolution under almost every natural condition, we took the
dissolution of a microdroplet as a case study and used a microelectrode
to provide an electrical readout of a droplet’s contact area. In Nature,
droplets seldom dissolve or evaporate in a continuous manner.
Complex interfacial forces compete against droplet surface tension,
causing the droplet to stick-and-slip as it loses volume. Until now,
this stick-and-slip of a droplet has not been witnessed at the nanoscale.
We present highly sensitive and quantitative measurements of a
microdroplet sticking and slipping only a few nanometers at a time.
In this work, we apply a static potential such that the redox species
in solution can be oxidized or reduced at the mass transfer limitation
when given access to the microelectrode. Because we do not actively
change the potential during microdroplet dissolution, we do not
expect effects of electrowetting beyond any immeasurable geometric
changes that could occur during the initial potential application from
the open circuit potential. These observations are achieved through
the marriage of electrochemistry and powerful finite element mode-
ling and call into question when one should consider a microdroplet
to be sessile. Overall, our results indicate that such violent nanometric
motions must be considered in mechanistically understanding
microdroplet chemistry.

Materials and Methods

Ultrapure deionized water with a resistivity of 18.2 MQecm, sourced from a
GenPure water purification system manufactured by Millipore was used for prepa-
ration of all aqueous solvents. The organic solvent, 1,2-dichloroethane, 99.8%
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10.1088/0143-0807/10/2/008.

3. P.Lenard, Ueber die Electricitat der Wasserfalle. Ann. Phys. 282, 584-636 (1892),10.1002/
andp.18922820805.
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purity was acquired from Sigma-Aldrich. The redox analyte for all the experiments,
potassium ferricyanide (K,[(Fe(CN),)]), was obtained from Sigma-Aldrich and KCI
was obtained from Fisher Bioreagents. All reagents were of analytical grade and
were used without any additional purification. Prior to experimentation, the glass-
ware was cleaned using DI water, followed by acetone (99.9%, Sigma-Aldrich),
and finally with the relevant solvent for each solution. A gold ultramicroelectrode
(Au UME) with a diameter of 12.7 um and a Ag/AgCl reference electrode in 1 M
KCI, was purchased from CH Instruments. Prior to each experiment, the work-
ing electrode (Au UME) was polished with 0.3 um alumina powder suspension
(Electron Microscopy Sciences) on a microcloth polishing pad (Buehler) using
water. Following that, the Au UME underwent a cleaning process with piranha
solution, which was a mixture of concentrated sulfuric acid with 30% hydrogen
peroxide in a 3:1 ratio, to ensure removal of any impurities at the electrode sur-
face. The same polishing protocol was maintained across experimental runs. All
electrochemical reactions were carried out in a lab-made electrochemical cell con-
structed out of Teflon. Prior to each experiment, the electrochemical cell was also
carefully cleaned using piranha solution to eliminate any potential impurities.
All microinjection experiments were performed using a microinjector (FemtoJet
4i Eppendorf) and microinjection capillary tips with an orifice diameter of ~10
um. The microinjection capillaries were lab-made using a micropipette puller
(PE-22, Narishige, Japan). The position of the microinjection capillaries was con-
trolled using an XYZ micropositioning system (InjectMan 4) and monitored with
an optical microscope equipped with a high-resolution SCMOS camera (C15440
Orca Fusion BT). All electrochemical measurements were conducted using a CHI
6284E potentiostat (CH Instruments).

The experimental setup for monitoring the optical and electrochemical responses
of sub-pLvolume 1,2-dichloroethane dropletsis shown in Fig. 2.A6.35 um radius
disk gold electrode was held vertically inside the lab-made electrochemical cell
submerged in an aqueous bulk phase. The aqueous phase consists of potassium
ferricyanide (K5[(Fe(CN),)]) and KCI across experimental runs. A microinjection
system, equipped with a XYZ micropositioner, compressor, and a microcapillary
filled with neat 1,2-dichloroethane, was used to dispense tiny 1,2-dichloroethane
droplets above the surface of the Au disk. The described setup was equipped with a
high-resolution optical camera positioned right above the Au UME, which enabled
determining the position and size of the 1,2-dichloroethane droplets on the Au
UME as well as precisely positioning of the microcapillary. All the electrochemical
measurements were performed in a two-electrode setup where the Au UME served
as the working electrode and Ag/AgClin 1 M KCl served as the counter/reference
electrode, which was presentin a separate reservoiras shown in Fig. 1. The electrical
connection was established using an agarose salt bridge. The salt bridge was created
byfilling a glass tube with 3% agarose (99.9%, Sigma-Aldrich) containing 1 M KCl.
It is reported in our previous work that the contact angle for 1,2-dichloroethane
droplets on glass is ~150° (51). Consistently throughout this study, the droplet's
radius is denoted as Ry, the contact angle on the glass substrate as @,, the contact
radius as R, and the height as h,. The geometrical relationships relating these
quantities can be found in S/ Appendix, Eqs. $1-S3. It's crucial to note that within
our experimental setup, only R,is accessible for direct measurement, as geometric
parameters such as @, R, and h, remain beyond reach due to camera positioning
limitations. Additionally, itis imperative to acknowledge that the experiments were
conducted outside a Faraday cage, resulting in heightened electrochemical noise.
OriginLab was employed for data analysis and filtering of periodic noise in the
interpretation of electrochemical data.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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