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Single Liquid Aerosol Microparticle Electrochemistry on a

Suspended lonic Liquid Film

Lynn E. Krushinski, Kathryn J. Vannoy, and Jeffrey E. Dick*

Liquid aerosols are ubiquitous in nature, and several tools exist to quantify
their physicochemical properties. As a measurement science technique,
electrochemistry has not played a large role in aerosol analysis because
electrochemistry in air is rather difficult. Here, a remarkably simple method is
demonstrated to capture and electroanalyze single liquid aerosol particles
with radii on the order of single micrometers. An electrochemical cell is
constructed by a microwire (cylindrical working electrode) traversing a film of
ionic liquid (1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide)
that is suspended within a wire loop (reference/counter electrode). An ionic
liquid is chosen because the low vapor pressure preserves the film over
weeks, vastly improving suspended film electroanalysis. The resultant high
surface area allows the suspended ionic liquid cell to act as an aerosol net.
Given the hydrophobic nature of the ionic liquid, aqueous aerosol particles do
not coalesce into the film. When the liquid aerosols collide with the
sufficiently biased microwire (creating a complex boundary: aerosol|wire|ionic
liquid|air), the electrochemistry within a single liquid aerosol particle can be
interrogated in real-time. The ability to achieve liquid aerosol size
distributions for aerosols over 1 pm in radius is demonstrated.

liquid|air interface are implicated as the
driving force for important reactions.!*
In recent vyears, especially acceler-
ated/spontaneous redox reactions have
been observed® in microdroplets, and
the electric field at the interface of two
dielectrics (air|water) is often suggested
to contribute. Verlet's group found that
the photooxidation reaction forming the
phenolate anion is 2-4 times faster at
the boundary compared to bulk.®) Photo-
chemistry has also been shown to generate
hydroxyl radicals, which may drive various
oxidation reactions;!”! other groups suggest
that the water|air interface of microdroplets
can produce hydroxyl radicals without the
added energy from light or heat.[®]
Electrochemistry is a promising tech-
nique for the analysis of single aerosols,
as it has been used for the analysis of a
wide variety of single entities,®) including
emulsion nanodroplets.!*! In these reports,

1. Introduction

The chemical composition of aerosols is extremely dynamic, con-
tributing to local and global air quality and climate.[!! The chem-
istry confined in these liquid aerosols plays a vital role in environ-
mental processes, and their pollution impacts public health.?l In
laboratory conditions, sprayed microdroplets have been shown
to have surprising reactivity,®/ where unique properties of the
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the microdroplet interface is water|oil,

and ions traverse the liquid-liquid bound-

ary to maintain electroneutrality, allowing
electroanalysis of micro- and nanodroplet contents. Accelerated
reactivity of aqueous microdroplets suspended in oil was stud-
ied previously where droplets collided with a working micro-
electrode submerged in an emulsified solution.!'] However,
when deployed for the analysis of liquid aerosols, electrochem-
istry is limited by the necessity for a complete electrochemi-
cal circuit, requiring communication between the working and
counter/reference electrodes.

We have previously addressed this limitation by using particle-
into-liquid sampling techniques, where a collector volume dis-
solves liquid aerosols and their contents.'!l While this is a
promising technique that has demonstrated low limits of de-
tection (~100 pm for lead),'™?] it still involves dilution of ana-
lyte and the inability to access analysis of intact, individual lig-
uid aerosols. While our lab has reported other electrochemi-
cal aerosol analysis methods to circumvent particle-into-liquid
sampling methods, these techniques require the construction
of a dual barrel micro- or nanoelectrode, where a single lig-
uid aerosol must bridge the two electrodes (in current fabri-
cation, electrode distance is >10 pm).l"?l These geometric con-
straints dictate the size of the single aerosols measurable and
the timescale for analysis before reactions at one electrode im-
pact the measurement at the other. To increase the aerosol
collection efficiency and avoid geometric complications, we
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Figure 1. A) Schematic of the electrochemical cell used for aerosol capture and electroanalysis. A malleable platinum wire (d = 0.5 mm) formed a loop

(d ~4 mm) that contained suspended ionic liquid. The platinum wire acte

d as both a support and quasi-reference electrode. The working electrode is a

carbon fiber (d = 7 um) that traverses the ionic liquid film. B) Schematic of the aerosol experiment with magnified view of the electrochemical reaction
occurring within a single liquid aerosol: O is the oxidized species, which donates an electron at the microwire surface to form the reduced species, R.

previously developed a detection scheme where two wires were
pushed through a soap bubble wall and used as the working and
reference/counter electrodes. The resulting electrochemical cell
was used to detect methamphetamine from sprayed aerosols.[!3]
Though particle-into-liquid sampling likely occurred, the surface
area of the 18 um-thick soap bubble wall maximized collection
while minimizing dilution of the analyte. However, these aque-
ous films evaporated readily, and “popped” on the order of tens of
seconds.

Here, we present a simple two electrode cell to measure sin-
gle micrometer-sized liquid aerosols: a carbon fiber working
electrode passes through an ionic liquid film, which is sup-
ported by a platinum wire loop that acts as the counter/reference
electrode. This novel electrochemical cell allows for the cap-
ture and analysis of single liquid aerosols without signifi-
cant analyte dilution and presents a more readily deployable
aerosol analysis system. This construct is the first robust demon-
stration of liquid aerosol stochastic electrochemistry. We use
concepts in stochastic electrochemistry to build an aerosol
size distribution, which lies within a distribution of micro-
droplets measured by light scattering techniques for aerosol
particles larger than 1 pym in radius. At present, this is the
only electrochemical technique to access chemistry in true mi-
crodroplets, where a majority of the microdroplet interface is
aquoues|air.

2. Results and Discussion

2.1. Construction of the Electrochemical Cell

As we mentioned before, bubbles are advantageous, but they
often pop. An ionic liquid film was used because of the neg-
ligible vapor pressure nature of the ionic liquid, preserving
a robust film over long periods of time. In our experimen-
tal setup, the ionic liquid bubble was observed to survive
over at least three weeks. The construction is simple and ro-
bust, requiring no specialized instruments to fabricate, and
ionic liquid is a non-toxic, environmentally friendly solvent,
suggesting this platform could be field-deployable. The use
of a hydrophobic ionic liquid (1-butyl-1-methylpyrrolidinium

bis(trifluoromethylsulfonyl)imide) suspended film allows for the
capture of aqueous liquid aerosols without dilution of hydrophilic
analytes.

To capture and analyze liquid aerosols, an electrochemical cell
was constructed, where a carbon fiber working electrode passed
through a suspended ionic liquid film supported by a platinum
(Pt) wire loop. This loop acted as a quasi-reference and counter
electrode. The resulting effective working electrode is a base-
less cylinder with a length dictated by the height of the sus-
pended ionic liquid film. A schematic of this electrochemical
cell be seen in Figure 1 and images of the actual experimen-
tal set-up can be seen in Figures S1 and S2, (Supporting In-
formation). The diameter of the carbon fiber was measured to
be 7 um by scanning electron microscopy (Figure S3, Support-
ing Information). In this work, the wetting of the carbon fiber
was limited by carefully threading the working electrode through
a small opening in the platinum wire loop (Figure S1B, Sup-
porting Information) via a micro-positioner. This method was
used to minimize unintentional wetting and ionic liquid con-
tamination along the wire. To further characterize the electro-
chemical cell, ferrocenemethanol, a hydrophobic (relative to hex-
acyanoferrate(II/III) and hexaamineruthenium(II/III), see be-
low) one-electron mediator was dissolved into the ionic liquid
and cyclic voltammetry was performed. The diffusion coeffi-
cient of ferrocenemethanol in the ionic liquid was determined
by bulk voltammetry (Figure S4, Supporting Information). A fi-
nite element simulation was used to model the system. Neglect-
ing wetting along the microwire, the model is designed with
a homogenous thickness across the film. From the optical mi-
croscopy (Figure S2, Supporting Information), the wetting ge-
ometry is insignificant compared to the ionic liquid thickness.
This allows only one adjustable parameter: the film thickness/the
length of the microwire|ionic liquid boundary (Figure S5, Sup-
porting Information), which was fit to experimental data to ex-
tract a value of 250 um. Given the thickness of the ionic liquid
film, the total current measured electrochemically is insensitive
to the geometry of how the ionic liquid film wets the carbon
fiber wire. Figure S6 (Supporting Information) shows that the
computation fits the experimental voltammetry well with these
assumptions.

Small 2024, 2308637 2308637 (2 of 7) © 2024 The Authors. Small published by Wiley-VCH GmbH

ASUQDIT SUOWWO) dANEAI)) d]qesrjdde oy £q pausoroS aIe Sa[d1IE Y() SN JO so[nI 10J AIeIqi] duljuQ) ASIA\ UO (SUOIIPUOI-PUB-SULId) /W0’ KA[1M" K1eiqr[aul[uo//:sdyy) suonipuo)) pue sud |, 3yl 3 *[$707/20/67] uo Areiqry autjuQy Laip ‘(dnakeje 1sop) ANsioatun anping £q ££980€Z0T TIWS/Z00 10 1/10p/woo’ Ko[im’Areqrjauljuoy//:sdiy woiy papeojumod ‘0 ‘6789€191


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A 0.50 > i

OFF ON OFF ON OFF ON OFF

sl

www.small-journal.com

0.25 - |

0.00 - n.—L»L-

Current (pA)
|
4?:
|

-0.25 -
100 mM Ferricyanide
100 mM Ferrocyanide
-0.50 . y . ' "
0 100 200 300
Time (s)
60 0
T AN N T T
—_ 2 2. |
:é’ 40 k= | ! '
-~ — -3 ‘
5 » 5
= = -4 ‘
= J 3
o O sl “
104 -6 ‘>
I |
04 T - -74
137.0 1 3v7.5 1 3l8.0 1 3;3.5 260.5 26'1 .0 26'1 o 262.0
Time (s) Time (s)

Figure 2. A) Amperograms obtained in an ionic film electrochemical cell while an aqueous solution containing an electroactive mediator was nebulized
into a mist. Nebulization occurred only in the highlighted timepoints (20-30 s, 100-110 s, 200-230 s). The blue trace shows an amperogram where
100 mm potassium hexacyanoferrate(lll) was nebulized, and the working electrode was biased at —0.5 V versus platinum wire. The purple trace shows
an amperogram where 100 mum potassium hexacyanoferrate(l1) was nebulized, and the working electrode was biased at +0.5 V versus platinum wire. In
both cases, amperometry was performed for 300 s with a sample interval of 0.0167 s. The working electrode was a carbon fiber (d = 7 um) and the quasi-
reference counter electrode was the platinum wire support. B) Zoom-in on representative transient events during 100 mm potassium hexacyanoferrate(ll)
amperometry in panel A. C) Zoom-in on representative transient events during 100 mm potassium hexacyanoferrate(lll) nebulization experiment panel
A. For all panels in this figure, IUPAC convention is used, where anodic current is plotted as positive and cathodic current is represented as negative.

contacting only the ionic liquid film will not be detected, though
microdroplets contact only the microwire can impart a negligi-
ble charge (Figure S7, Supporting Information, discussed further
below). The current-time traces are given in Figure 2A-C and

2.2. Electrochemical Collision Experiments with Liquid Aerosols

After set-up of the electrochemical cell, amperometry was
performed during nebulization of water containing 100 mwm

potassium hexacyanoferrate(II) or 100 mm potassium hexa-
cyanoferrate(III). In these experiments, the carbon fiber working
electrode is biased such that the electroactive mediator in the
aerosol droplet will be oxidized or reduced and give rise to a cur-
rent response when an aerosol droplet makes contact with both
the biased microwire and the film (Figure 1B). Aerosol droplets
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show the typical transient responses of single liquid aerosol col-
lision events of hexacyanoferrate(III) and hexacyanoferrate(II) -
containing aerosols, respectively. Here, we applied a potential
sufficient to drive mass-transfer limited (maximum rate) electrol-
ysis within the aerosol as it meets the electrode, but insufficient
to drive significant rates of water or ionic liquid oxidation or
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Figure 3. A) Representative collision transient during 100 mm potassium hexacyanoferrate(ll) nebulization. The dashed line is the baseline, the integrated
peak area is given in yellow, and the measurement of total charge, Q, is inset. B) Histograms of the charge passed from single aerosol collision events
during (red) and after (black) nebulization of 100 mm potassium hexacyanoferrate(ll). For all panels in this figure, IUPAC convention is used, where

anodic current is represented as positive.

reduction, such that the measured current reports on
the consumption of the analyte within the liquid aerosol
droplet.

Collision events can be seen even after the nebulization of the
analyte solution has stopped. Replicate amperometry (Figure S8,
Supporting Information) during nebulization of 100 mm hexa-
cyanoferrate(II), shows this observation is consistent. We have
also observed this with other analyte species (hexaamineruthe-
nium (III)) (Figure S9, Supporting Information). This may be
due to aerosols with longer atmospheric lifetimes,'* but from
Video S1 (Supporting Information) the effect may also be due to
aerosols that are captured by the ionic liquid film during spray
and move toward the working electrode after the nebulization
has stopped. At this time, we do not know the details of the ad-
sorbed droplet movement, but we suggest it may be due to evap-
orative convection and/or a capillary effect. Video S1 (Supporting
Information) shows 100 mm hexacyanoferrate(II) liquid aerosols
are observed by optical microscopy and appear to move toward
the working electrode when the nebulization stops and the local
humidity decreases. The high ionic strength of potassium hexa-
cyanoferrate(1I) allows these liquid aerosols to resist evaporation
and dissolution into the ionic liquid bubble wall such that they
remain intact and loaded with the electroactive species. Video
S2 (Supporting Information) shows less obvious accumulation of
aerosols along the working electrode after nebulization of 100 mm
hexacyanoferrate(III).

We have previously reported the electrochemical response of
aerosols when in contact with a wire (a system that closely mim-
ics the carbon fiber herein). When charged liquid aerosols impact
the biased electrode, charge transfer occurs because of the differ-
ences in electrochemical potential between the two phases. In a
control experiment, when we nebulize water droplets (see Figure
S6, Supporting Information), transients are still observed in the
amperometric i~ curve. Importantly, these transients are orders
of magnitude lower in magnitude than when the liquid aerosol
droplet has a redox mediator. These observations indicate that the
large responses in the amperometric i~t curve are due to faradaic
reactions occurring in liquid aerosol droplets. Our further anal-
ysis using Faraday’s Law also offers supportive evidence of our
claim (vide infra).
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2.3. Electroanalysis of Liquid Aerosol Collisions

Figure 3A shows a typical current transient, which was integrated
to give the charge (Q) passed during a discrete collision event.
Only transients that were characteristic of an inelastic collision
(i-e., a sharp increase in current followed by an exponential de-
cay back to the original baseline) were analyzed. If liquid aerosol
particles were disconnecting, an abrupt signal loss would be ob-
served, changing the decay curve. This type of event was rarely
seen. Figure 3B shows the distribution of the charge passed for
analyzed discrete collision events during (red) and after (black)
the nebulization of 100 mm hexacyanoferrate(II). The diameter
of the liquid aerosol responsible for each collision event was then
calculated from the charge (the integral of the current vs. time re-
sponse), which is proportional to the total moles of analyte within
the aerosol through Faraday’s Law. The aerosol diameter (d, ;)
was determined using Equation 1,[1%

[ 39

4znFC @

dparticle =2
redox

where Q is the integrated charge (C, coulombs), n is the number
of electrons transferred per molecule (1 for hexacyanoferrate(II)),
Fis Faraday’s constant (96 485 C mol™'), and C,,; . is the concen-
tration of the redox molecule in the microdroplet (100 mm).

The liquid aerosol size distributions during and after spray
based on Equation 1 are shown in Figure 4 (green and blue bars,
respectively), where the particle diameter is the calculated diame-
ter of the nebulized liquid aerosols. The electrochemically calcu-
lated distribution was compared to the aerosol size data collected
with a Grimm 11-D Aerosol Spectrometer (red trace) at selected
particle diameters. It can be seen from Figure 4 that the calcu-
lated diameters lie within the distribution of larger (d > 2 pum)
measured liquid aerosols, indicating that the electrochemical re-
sponse may be reporting on single aerosols. It is important to
point out that a drawback of the technique is that it does not ac-
count for liquid aerosols that previously coalesced (either in air
or, more likely, on the ionic liquid film before reaching the elec-
trode). There is a time and humidity component, as longer times
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Figure 4. Histogram of the aerosol diameter calculated from the charge
(plotted in Figure 3B) from discrete collisions of aerosols containing
100 mm potassium hexacyanoferrate(ll) during (green bars) and after
(blue bars) nebulization. The overlaid red trace is the particle size data
obtained from a Grimm 11-D aerosol spectrometer.

and higher humidity increase the probability of droplet coales-
cence along the film, as shown in the electrochemical results in
Figures 3B and 4 where liquid aerosols electrolyzed during the
nebulization were smaller on average. Additionally, longer times
result in more evaporation, though we expect that the electro-
chemical system will report on the original size (before signifi-
cant evaporation), as the amount of moles does not change (see
Equation 1).

The full particle size distribution of the nebulized liquid
aerosols measured by scattering in air is shown in Figure S10
(Supporting Information). From this figure, it is apparent that
there are high counts of small liquid aerosols (d < 2 ym) that are
less frequently observed in the electrochemical collision events.
This is likely due to coalescence, as mentioned above, and cur-
rent measurement limitations. In this study, we have ~40 pA of
background noise, setting the size of the smallest liquid aerosol
detectable at #500 nm in radius (as calculated by Equation 1). We
can optimize the noise by introducing a well-grounded Faraday
cage. Introducing an aperture between the nebulizer and elec-
trochemical cell may also be used to decrease noise and humid-
ity (decreasing coalescence), which could give access to smaller
droplets. We would expect solids, such as dust or pollen, to in-
crease the noise level (if their impact on the wire changes the
ionic liquid film|wire interface, capacitance fluctuations could
occur). The introduction of these solids to the system may per-
turb the ionic liquid film, but we do not expect these events to
generate faradaic current, especially at a scale (10 s of nA) that
is significant to the measurement. In high humidity/high colli-
sion frequency experiments, the electrode becomes covered with
pre-adsorbed liquid aerosols and an aqueous pool can form (as
evidenced Videos S1 and S2, Supporting Information). If a pre-
adsorbed aqueous pool gets larger, the probability of a liquid
aerosol merging with the pool gets higher (assuming a constant
flux of liquid aerosols). While the moles electrolyzed will still in-
dicate the original size of the colliding microdroplet, one must
measure quickly enough to temporally resolve the merging of
single liquid aerosols with the pre-adsorbed aqueous pool. This
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decreases our ability to see discrete liquid aerosol droplet electro-
chemistry as the pool gets larger. The accuracy of droplet sizes
decreases for smaller droplets as the pre-adsorbed aqueous pool
increases in size. This is a simple dilution problem: the number
of moles entering the aqueous pool from the coalescing liquid
aerosol must be large enough to give a high enough concentra-
tion to be electrochemically detectable in the pool.

The system as presented is specific for redox capable species.
However, manipulations of the system could potentially lead to
measurements of non-electrochemically active species (such as
electrode functionalization with aptamers!*®! or use of reporter
molecules within the ionic liquid film [EC’ reactions]*®l). If the
aerosol contained two electrochemically active species which are
oxidized/reduced at similar potentials in water, it would be dif-
ficult to deconvolute the measured current transients. However,
in the cases of species that are oxidized/reduced at potentials sig-
nificantly different from one another (10 s-100 s of mV sepa-
ration), it could be possible to select a specific signal based on
the applied potential. Other manipulations could be done to se-
lect specific electrochemically active species if necessary (i.e., se-
lecting an ionic liquid with an affinity for the desired molecule,
functionalizing the working electrode, or using voltammetry). To
demonstrate the generalizability of the method with regard to
redox mediators, experiments with hexaammineruthenium(III)
chloride were performed, and the results were comparable to
those of potassium hexacyanoferrate(IlI) (see Figure S9, Sup-
porting Information). In addition, measurements were repeated
at a much lower concentration (10 mm hexacyanoferrate(II/I1I),
Figure S11A, Supporting Information), where the current re-
sponses retained the same shape, but were lower in magni-
tude. These measurements were also repeated in a different ionic
liquid (1-butyl-3-methylimidazolium hexafluorophosphate), as
shown in Figure S11B (Supporting Information).

3. Conclusion

We developed a simple and robust two-electrode electrochemi-
cal method to analyze individual liquid aerosols. A novel electro-
chemical cell was constructed by an ionic liquid film suspended
in a platinum wire support (quasi-reference/counter electrode)
with a carbon fiber microwire working electrode traversing the
film. Aqueous aerosols were captured and electrolyzed without
significant analyte dilution using a hydrophobic ionic liquid sus-
pended film. In this report, single mediator-containing aerosols
were sized via integration of the current-time transient resulting
from their interaction with the carbon fiber working electrode
at the complex phase boundary (fiber|ionic liquid|water|air). We
show that while the size distributions of aerosols during and after
spray both lie within the size distribution measured by a spec-
trometer, aerosols that collided during active spray were more
reliably sized as opposed to those that were analyzed after the
spray was halted. Aerosols that are captured on the ionic liquid
film may still be measured when they move to the carbon fiber
working electrode but are generally larger when electrochemi-
cally sized. This is likely due to the coalescence of droplets on
the ionic liquid film which cannot be discounted in the reported
experimental conditions. Regardless, we have demonstrated the
ability of the presented electrochemical method to analyze dis-
crete liquid aerosols maintaining their water|air interface with
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unprecedented simplicity, extending the reach of stochastic elec-
trochemistry of microdroplets to liquid aerosols of micrometer
dimensions. These measurements present a significant advance-
ment not only toward the deployable sensing of single liquid
aerosols but also toward more robust understanding of curious
chemistry at the air|water interface.

4. Experimental Section

Chemicals and Materials: Potassium hexacyanoferrate(ll) trihydrate
(potassium ferrocyanide, 99+%, for analysis) and potassium hexacyano-
ferrate(l) (potassium ferricyanide, 99+%, ACS reagent) were purchased
from Thermo Scientific. 1-Butyl-3-methylimidazolium hexafluorophos-
phate (BMIM-PFg, for catalysis, >98.5%), 1-butyl-1-methylpyrrolidinium
bis (trifluoromethylsulfonyl)imide (BMP-BTI, >99%, <500 ppm H,0),
Hexaammineruthenium(I11) chloride (98%) were purchased from Sigma—
Aldrich. Millipore water (Millipore Milli-Q, 18.20 MQ cm™") was used to
prepare aqueous solutions.

Electrochemical Cell Set-Up and lonic Liquid Film Preparation: To create
the carbon fiber “floss-picks,” electrical wire was stripped, cut, and assem-
bled into a floss-pick like conformation by wrapping two wires around one
another and leaving ~1 cm of each wire free. The wires were secured in
place with hot glue. The free ends of the wires were then dipped in gal-
lium (stored at 55 °C to maintain a liquid state) and a carbon fiber (d =
7 um P-55 pitch based fibers, Thornell) was placed between the two wires
secured ensuring contact with the gallium. The fibers were then secured
in place with a drop of hot glue. An image of the fabricated carbon fiber
floss-picks can be seen in Figure STA (Supporting Information). The floss-
pick was then held by a clamp and connected to the working electrode lead
of a CHI 601E potentiostat. The platinum wire support was fabricated by
wrapping ~6 cm of Pt wire (0.5 mm diameter, 99.9% metals basis, Sigma—
Aldrich) around a 0.5 cm circular support to create a bubble wand shape.
The copper tape was wrapped around the handle portion of the Pt wire
support to create a more stable connection to the leads of the potentio-
stat. The circular portion of the Pt wire support was then cut with wire
cutters directly across from the handle. An image of the fabricated Pt wire
support can be seen in Figure S1B (Supporting Information). The ionic
liquid suspended film was formed by submerging the Pt wire support into
a well on a ceramic well-plate containing the ionic liquid (BMP-BTI). The
Pt wire support containing ionic liquid was attached to a Sutter MPC-200
micro-positioner and connected to the reference and counter electrode
leads of the potentiostat. The Pt wire support containing ionic liquid was
then moved to the carbon fiber floss-pick with the micro-positioner such
that the carbon fiber was threaded through the slit on the Pt wire support
and traversed the ionic liquid suspended film. Images of the experimen-
tal set-up can be seen in Figure S2 (Supporting Information). All voltam-
metry was performed within a well-grounded Faraday cage within a fume
hood.

Aerosol Electroanalysis:  Solutions of 100 mm potassium hexacyanofer-
rate(ll) and potassium hexacyanoferrate(l1l) were prepared in Millipore
water. All solutions were nebulized with a Aeroneb Solo Nebulizer con-
nected to a Aeroneb Pro-X controller purchased from Aerogen. A new
mesh nebulizer was used for each solution. The Pt wire support was
cleaned with acetone and Millipore water between experiments. A new car-
bon fiber “floss-pick” and fresh ionic liquid film were used for each exper-
iment. For each amperometric i-t experiment, amperometry was run for
300 total seconds, where background amperometry in the ionic liquid film
was taken for ~20 s before solution nebulization. The solution was then
nebulized for 10 s, with the nebulizer held ~2 in. from the electrochem-
ical cell. At 100 s, nebulization was repeated for an additional (~) 10 s. At
200 s, nebulization was repeated for ~30 s. Sizing of the liquid aerosols
was performed with a Grimm 11-D Aerosol Spectrometer and electroana-
lytical techniques.

Statistical Analysis: ~ All amperograms collected were analyzed as-is (no
normalization or transformation was performed). Each amperogram was

Small 2024, 2308637

2308637 (6 of 7)

www.small-journal.com

screened for current transients which were representative of a temporally
resolved event. Examples of transients that demonstrate this ideal behav-
ior as well as examples of those not used for analysis as they deviated from
this behavior are seen in Figure S12 (Supporting Information). Transients
were integrated using the same CHI Electrochemical Software used for
data acquisition and values were recorded in Excel, where histograms of
the integrated current (and resultant calculated diameter) were created.
For each histogram, a sample size of at least 25 was used. No further sta-
tistical analysis was performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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