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ABSTRACT: Electrospray ionization (ESI) is a powerful
ionization technique that can generate charged solvent droplets
and bare analyte ions from sample solutions. Despite seeing
extensive use in mass spectrometry due in part to the low internal
energy deposited into the ions formed during ionization, some
unknowns persist regarding the exact dynamics of droplet breakup
and molecule behavior during spray, and research is still underway
regarding how various types of molecules acquire charge during the
ESI process. Previously, the authors introduced a novel aerosol
measurement technique, particle-into-liquid sampling for nanoliter
electrochemical reactions (PILSNER). The current work intro-
duces a new method utilizing PILSNER for the examination of the
particles generated during ESI using simple analysis techniques
with a commercially available potentiostat. This technique is applied in this work for the detection of charges on electrosprayed
droplets, including the estimation of the number of charges on individual ESI droplets using a fluorescent proxy. This technique
provides an additional tool for the exploration of the complex process of droplet generation and ion liberation during ESI.

■ INTRODUCTION
Electrospray ionization (ESI) has been a powerful tool for the
production of gas-phase droplets and ions even before its
introduction as an ion source for mass spectrometry (MS) in
1984.1 In ESI, analyte-containing solvent is flowed through an
emitter to which a high voltage (relative to the instrument inlet
in MS) is applied. The voltage causes a cone-shaped
deformation of the fluid surface which can be described by
the Laplace equation.2 This deformation, sometimes with the
aid of shear force provided by a coaxially delivered nebulizing
gas, causes the liberation of droplets from the cone tip,
resulting in a stream of droplets (referred to as a “Taylor
cone”). This process creates highly charged solvent droplets
with a large net charge and a polarity matching the net voltage
applied between the electrospray emitter and the instrument
inlet.2 These droplets evaporate and shrink until they
eventually reach the Rayleigh charge stability limit. At this
limit, the repulsion between charges on the droplet surface
exceeds the surface tension of the solvent, resulting in droplet
fission into smaller droplets. This process repeats as solvent
evaporation continues until the solvent is exhausted, eventually
producing gas-phase ions of solution species. There are several
competing theories regarding the exact mechanism by which
these solution species acquire charge, which is proposed to
differ with the properties of the analyte molecule.3 The
difficulty in studying the electrospray desolvation and
ionization process arises in part from the complexity of
droplet evolution during the process of solvent evaporation, as

well as the difficulty of detecting the very small amount of
charge expected from electrosprayed droplets. Individual ions
and clusters formed by the electrospray process have been
studied with neutralizer-activated condensation particle
growth,4,5 and other electrode-based techniques using image
currents have also been studied for measuring individual ESI
droplet charges.6−8 However, these aforementioned techniques
require very specialized hardware to perform. Thus, techniques
capable of simple and accurate ESI droplet charge detection
remain scarce. This work explores the effectiveness of a newly
developed method to study electrosprayed droplets. This
technique has allowed for the direct measurement of charge on
electrosprayed droplets without the need for highly specialized
equipment.
Electrosprayed droplets meet the definition of an aerosol as

they typically have diameters of less than 10 μm and are
suspended in air.9 As ESI droplets are extremely dynamic and
short-lived, traditional off-line aerosol analysis methods such as
filter capture are ineffective at exploring the nuances of the
charge dynamics of such droplets. Further, typical online
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techniques such as low-temperature plasma10 or glow-
discharge11 ionization techniques or aerosol mass spectrom-
eters (which typically ablate aerosols with heat12) are explicitly
designed to ionize species within the aerosols and are therefore
unsuitable for study of the initial charge of aerosol droplets
produced by ESI. Previous work studying the charge of ESI
droplets using printed circuit board (PCB) electrodes has been
reported,6 as well as experiments indirectly measuring positive
charges in droplets via proton activity with pH-sensitive dyes.13

However, simple and widely applicable techniques capable of
measuring droplet charges are few.
Here we detail a new analytical technique for making such

determinations, a novel application of particle into liquid
sampling for nanoliter electrochemical reactions (PILSNER).
PILSNER was used to measure droplet charges using a unique
circuit design, including an electrochemical cell (discussed
further in the main text). In PILSNER, an ultramicroelectrode
is inserted into a small (nanoliter to low microliter) “collector”
droplet situated on a conductive glassy carbon stage which
serves as a counter and quasi-reference electrode. Electro-
chemical techniques are then performed on the contents of the
collector droplet directly in real-time, allowing for the sensitive
detection of the contents of aerosol particles which were
directed at the collector.14 The basic setups for PILSNER for
analyzing electrosprayed droplets are shown and described in
Figure 1. In addition to online charge analyses, PILSNER can

electroanalyze the contents of electrosprayed droplets offline
and can provide additional information about the solution-
phase behavior of charged species from ESI. In this work,
PILSNER has been applied to the detection of electrosprayed
droplets using open-circuit potential (OCP) and amperometric
measurements. These interpretations of the charge deposited

by ESI droplets represent new techniques by which the
properties of electrosprayed droplets may be explored.

■ MATERIALS AND METHODS
Materials. The electrode used throughout this work for

PILSNER experiments was a platinum scanning electro-
chemical microscopy tip (10 μm diameter, R/G ∼ 25 based
on captured images) obtained from CH Instruments (Austin,
TX). The electrode was manipulated using a micropositioner
(Model ROE-200, Sutter Instruments) such that the electrode
tip was centered within the collector droplet. The glassy
carbon quasi-reference/counter electrode was obtained from
Alfa Aesar. Solutions and water droplets were prepared with
ultrapure water (Millipore Milli-Q, 18.2 MΩ·cm). The solvent
used for ESI was a 50:50 mixture of ultrapure water and
methanol (Fisher Scientific, Optima grade) to mimic a typical
solvent system used in ESI applications. Adventitious ions in
solution were found to be sufficient to produce stable
electrospray, and no additional solution additives (such as
acid) were necessary. The collector droplet for PILSNER
consisted of a 10 μL droplet of ultrapure water pipetted onto
the glassy carbon surface, except for the experiments
concerning droplet viscosity, in which the collector droplet
consisted of ultrapure water and 10%, 50%, or 100% glycerol
(Sigma-Aldrich, >99%). All experiments were performed
within a grounded Faraday cage. The ESI emitter used was a
Bruker AP1 stainless steel emitter with a 100 μm inner
capillary diameter, with air as the nebulizing gas supplied at 5
PSI. Voltage during ESI experiments was supplied to the
electrically isolated emitter tip with a Spellman model
CZE1000R power supply at 5 kV.

PILSNER-ESI with OCP and Amperometry. OCP
measurements were performed with a maximum run time of
600 s, a sample interval of 0.005 s (the minimum sampling
time achievable with the device), and voltage thresholds of
±1.5 V. Measurements were performed on the CHI model
601D or 6012D potentiostat. All amperometry experiments
throughout this work were performed at a sensitivity of 10−8

A/V (this parameter is not modifiable for OCP experiments).
For PILSNER experiments, this resulted in a noise level of ∼10
pA. Potentiometry was performed with a ∼30 s delay before
electrospray was introduced in order to establish a stable
baseline, as the collector droplets did not contain electrolyte or
a strongly poising redox couple. ESI was performed with 50:50
methanol/water solutions introduced at 200 μL/h using a
Cole−Parmer 74800-05 syringe pump and Hamilton gastight
750N 500 μL syringe and PEEK fittings. Electrospray was
performed using a potential of 5 kV at a distance of ∼1 cm
against either a grounded stainless-steel mesh (Figure S1)
directly in front of the collector droplet or a grounded steel
plate with a circular 150 μm aperture (referred to throughout
as the “steel plate aperture”) (Figure S2), as described in each
experiment individually, based on the desired frequency of
particle interactions with the collector droplet. The purpose of
the steel plate aperture was to limit the number of particles
reaching the collector droplet; on the contrary, steel mesh (6.3
wires/cm, 0.5 mm diameter wire; transparency of ∼70%) was
used to provide a ground against which to perform ESI, but
without significantly inhibiting droplet travel to the collector
droplet. ESI experiments were performed with the nebulizing
gas and voltage on throughout, with the syringe pump being
turned on or off to begin and end each ESI on/off cycle. For
experiments involving grounding the quasi-reference electrode,

Figure 1. Simplified diagram of PILSNER-ESI. Electrospray is
achieved by spraying solution from a capillary (A) against a 70%
transparent steel mesh (B) by applying a high (5 kV) voltage
difference. (C) and (D) correspond to counter/reference electrode
(red/gray) leads, and (D) corresponds to the working electrode
(green) lead, respectively. A Pt ultramicroelectrode serves as the
working electrode, which is inserted into a water collector droplet (F)
atop a glassy carbon stage (G) which serves as the counter/
pseudoreference electrode.
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a chassis ground was manually connected to the stage for ∼1 s
and removed immediately after. Amperometry experiments
were run with a constant voltage of 0 V based on a control CV
of the collector droplet with a sampling rate of 2 kHz (the
maximum sampling rate achievable with the device). To
measure exclusively charge being detected on the collector
droplet versus on the stage, the stage and collector,
respectively, were covered with insulating plastic covers during
open-circuit potential experiments while the electrospray was
cycled on and off.
Droplet Count and Size Distribution Measurements.

Droplet count and distribution data used to generate estimates
of droplet charges were collected using a Grimm model 11-D
optical particle counter (31 equidistant channels, size range
253 nm to 35 μm). The device performs phase Doppler
anemometry using a laser to determine aggregate particle sizes
and counts using scattered light. Electrospray droplet counts
were measured using the same mesh and at the same distance
as listed above for the PILSNER experiments, with spray aimed
directly at the sampling inlet of the device. The data displayed
in Figure 8 are cut off at 8 μm, as no particles were detected in
any experiment or control in the size range of 8−35 μm.
Notably, optical aerosol counters tend to exhibit losses and
undercounting for aerosol particles at the extreme low end of
particle diameters. It is not believed that this probable
undercounting had a significant impact on the estimates and
calculations detailed in this work, as particles of these sizes
contribute extremely little volume to the overall volume of the

droplet population, and the estimates in Figures 8 and S3 are
based directly on the volume of collected droplets.

■ RESULTS AND DISCUSSION
Electrode Response in PILSNER-ESI and Effect of

Collector Droplet Viscosity on Steady-State Voltage.
The use of PILSNER for the analysis of electrosprayed
droplets is shown in Figure 2, top. PILSNER-ESI using OCP
produces a large voltage response which is shown in Figure 2,
bottom left (ESI+), and Figure 2, bottom right (ESI−).
Typically, when interpreting voltages measured during OCP
when there is no well-behaved redox pair present, mixed-
potential theory is applied to describe the effects of chemical
potentials on the measured voltage. In a droplet nominally
containing entirely water, a small amount of organic solvent,
and the ions expected during ESI such as hydronium ions (ESI
+) or water-generated anions such as OH− (ESI−),15 the OCP
voltage (VOCP) would be expected to be determined by mixed-
potential theory based on solution-phase species such as H2O,
O2, H+, and OH−. However, in PILSNER-ESI, a large and
immediate voltage shift is observed in both ESI+ and ESI−
(Figure 2). These voltage shifts exceed what would be
expected for changing concentrations of solution-phase species
in the collector droplet. To explain these results, alternate
mechanistic hypotheses to mixed-potential theory must be
considered. Specifically, voltages and currents in PILSNER-ESI
are interpreted as induced charges from deposited droplets
leading directly to current flow in the system. These current

Figure 2. (Top) Diagram of the basic setup for the study of ESI droplets using PILSNER. Droplets are electrosprayed against a grounded aperture
using a high voltage (5 kV). Particles which pass through the aperture are detected as they collide with the collector droplet, as described in the
text. Diagram not to scale. (Bottom) OCP measurements of exposures of a 10 μL collector droplet to ESI+ (bottom left) and ESI− (bottom right).
Each exposure start and end is indicated by the shaded areas and labels. Exposures were made using the 150 μm steel plate aperture at a distance of
1 cm.
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flows can then be interpreted with amperometry or OCP to
detect droplet charges.
When ESI is off during PILSNER-ESI, the baseline is quasi-

stable due to a lack of redox pair capable of poising the
potential of the system. When ESI+ begins, the VOCP drops
rapidly until it reaches a quasi-steady-state voltage. Once the
spray is turned off, the signal decays rapidly for a short
duration (seconds) and then decays more slowly over a longer
duration (tens of seconds). This process does not modify the
droplet permanently, and multiple on/off cycles can be
performed on the same collector droplet so long as it has
not evaporated. Additionally, the direction of the voltage shift
is initially counterintuitive (negative voltage in ESI+ and vice
versa). These phenomena cannot be reasonably explained with
chemical potential arguments regarding the addition of H+ or
OH− to the collector droplet by the electrospray. Using a
chemical potential explanation, the large voltage changes
observed (on the order of 0.5−1.5 V) would correspond to
immediate collector droplet pH changes of approximately 8 to
25 based on the Nernst equation. Normally, a roughly ±59 mV
shift in VOCP per 10-fold change in the reaction quotient of
[H+]/[OH−] would be expected. The experimental result in
Figure 2 is thus both physically unrealistic as well as in sharp
disagreement with other research which has indicated that the
pH change that occurs in droplets produced via ESI+ is at
most around 2−3 pH units.13,16 A hypothesis for these
observations is detailed below and in Figure 3. Rather than

reading a traditional chemical potential, the working electrode
in the case of PILSNER-ESI is actually directly measuring
accumulated charge which has deposited via the electrosprayed
droplets either into the collector droplet or onto the glass
carbon stage. This unbalanced charge is likely relieved by the
donation or acceptance of electrons at the electrode surfaces to
or from solution species.
Through a similar mechanism, aggregate current transients

induced by collected droplets can be observed during
PILSNER-ESI with an amperometry measurement, an example
of which is shown in Figure 4. The bidirectional currents

observed during ESI+ exposure are expected, as it has been
reported that both positive and negatively charged droplets are
formed during both ESI+ and ESI−, though the majority of
droplets match the polarity of the applied voltage.6−8

As a consequence of its greater surface area, the stage is
subjected to a greater amount of the charge compared to the
working electrode, causing the voltage at the reference
electrode to rise relative to ground. This rise is interpreted
as a drop in the working electrode potential when measuring
VOCP, as the displayed voltage is relative to the reference, which
is normally assumed to be constant. The direction of VOCP in
PILSNER-ESI is therefore “flipped” (positively charged
droplets produce a negative change in VOCP and vice versa).
As charge continuously deposits into the collector droplet and
onto the stage, a steady-state or limiting VOCP is reached when
the rate of charge deposition matches the rate of dissipation
caused by donation (or extraction) of electrons at the working
electrodes and/or evaporation of collected droplets. When the
ESI is turned off, any charge from the small droplets that were
depositing onto the surface of the stage and potentially
contributing to the charge of the reference electrode is rapidly
donated, causing a fast dip in the voltage magnitude, but
charge remaining in the collector droplet is not immediately
dissipated and decays more slowly, resulting in the seemingly
two-stage VOCP decay curves that were observed. This
hypothesis regarding the location of charge deposition is
supported by the data shown in Figure 5. In Figure 5, the ESI-
PILSNER collection setup has been altered to have either the
stage (counter/reference electrode) or the working electrode
and collector droplet covered with insulating plastic to prevent
electrosprayed droplet interaction with the collector or stage.
Notably, in the “droplet and electrode blocked” configuration,
the collector droplet is insulated from electrosprayed droplets
landing in the collector itself, but the collector droplet is still in
contact with the stage. As a result, charge events occurring on
the stage may still produce a detectable current. The VOCP
responses observed indicate that a majority of the charge
detection occurs on the stage and a minority occurs in the
collector droplet. Droplets which land on the stage are still

Figure 3. Zoom-in of an on/off cycle of an ESI− exposure using
PILSNER. We hypothesize that, once the electrospray is turned off, a
rapid evaporation and decay of charged droplets collected on the stage
(counter/quasi-reference electrode) causes a fast drop in measured
voltage, followed by a slower decay of the charge remaining in the
collector droplet.

Figure 4. Amperometry experiment of ESI+ of water sprayed into a
10 μL water collector droplet through the 150 μm steel aperture (0 V
applied, sampling rate 1 kHz, ESI+ on at t = 40s and off at t = 120 s).
The fluctuations in current are believed to be summations of many
individual current events occurring as droplets land on the collector
and stage.
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electrically connected to the working electrode via the
collector, and thus, charge elimination mechanisms are
expected to be similar to those in the collector droplet
(discussed further below).
The rate of charge decay in the collector droplet, by this

hypothesis, is affected directly by the viscosity of the collector
droplet and how quickly charged species can move through the
droplet to be sensed at the electrodes. The limiting VOCP is also
directly linked to viscosity of the collector droplet. This is
supported by the fact that, under identical conditions such as
in Figure 2, the VOCP magnitude observed for ESI+ is much
smaller than in ESI− by a factor of roughly 2−3 (protons
diffuse through water very rapidly through Grotthuss
shuttling,17 whereas anions do not). This hypothesis was also
tested by performing PILSNER-ESI on collector droplets
consisting of varying fractions of glycerol and water to
artificially change the collector viscosity (representative traces
shown in Figure 6). It was found that, for both positive and
negative mode ESI, a high fraction of glycerol resulted in
significant increases to the magnitude of VOCP, consistent with
a slower rate of charge diffusion to the working electrode (n =
3). These results strongly indicate that PILSNER, in addition
to its ability to perform electrochemical measurements on
electrically neutral solutions, also has the ability to directly
detect charged species using a novel direct-detection method
not usually utilized with ultramicroelectrodes.

Effect of Grounding on Charge Decay. It was also
hypothesized that, based on the species previously reported
during ESI+ (mostly hydronium) and ESI− (mostly radical
anions and OH−),18 the mechanism of charge elimination at
the working electrode could be kinetically examined in the
PILSNER collector droplet. The most thermodynamically
simple mechanism of unbalanced proton or hydronium ion
resolution would be

2H (aq) 2e H (g)2++
(1)

Here, the electrons are supplied by one of the electrodes.
This process is bimolecular and would likely have a significant
rate-limiting step of proton combination. By comparison, a
radical anion or OH− species would theoretically be able to
directly donate excess electrons directly and quickly to a
ground or through an electrode, if such a thermodynamically
favorable path were available. By this reasoning, charge
elimination in the collector droplet would occur either at the
working or counter electrode, while droplets landing on the
stage would eliminate charge to the counter electrode
exclusively. To test this hypothesis regarding charge elimi-
nation, experiments were performed where a path to chassis
ground was introduced for 1 s at the same time the spray was
turned off during ESI+ and ESI− on/off cycling. The data for
these experiments are shown in Figure 7. Each red asterisk
represents the introduction of a 1 s ground (the first on/off
cycle was not grounded for comparison purposes). During ESI
+ and ESI− experiments, grounding the stage upon ESI
cessation briefly causes the measured voltage to go to 0 V,
which is expected, since the introduction of a ground
completes the open circuit being measured and sets the
working electrode potential equal to the chassis ground.
However, different responses postground are observed for
positive and negative mode experiments. Compared to the first
on/off cycle (control), the ESI+ experiment shows that the
voltage postground rebounds rapidly and follows nearly the
exact same decay curve as the control. This is consistent with
the grounding event being ineffective at removing much
charge, which is consistent with a slower migration process
which cannot immediately vacate charge into the ground. In an
opposite fashion, the ESI− experiment shows a significant
difference between the control and grounded cycles. Once
grounded, the negative mode voltage decay curve is
permanently altered and shows a substantially diminished
VOCP magnitude compared to the control curve. This is

Figure 5. VOCP responses during ESI+ to the counter/reference
electrode stage (green) or the 10 μL water collector droplet and
working electrode (black) being covered and electrically insulated
versus a control experiment (blue). Voltages shown are normalized to
a starting VOCP of 0 V. The PILSNER system was exposed to 200 μL/
h ESI+ for 10 s intervals starting at 30, 60, and 90 s.

Figure 6. PILSNER-ESI OCP baseline-corrected plots of 30 s ESI+ (left) and ESI− (right) exposures of 0, 10, 50, and 100% glycerol collector
droplets, adjusted to the same starting voltage. VOCP at steady state was determined from the difference in the magnitude of VOCP for the 30 s
exposure and the average V 10 s prior to the beginning of spray. A significant increase in VOCP magnitude was observed at high glycerol fractions.
Both experiments utilized the 150 μm steel plate aperture.
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hypothesized to be indicative of a faster charge elimination
mechanism as described previously. This suggests that
PILSNER is capable of qualitatively measuring the relative
diffusivity and mobility of charged species in solution in the
collector droplet.
Estimation of Droplet Charges via Fluorescein Proxy.

Determining the charge on individual droplets collected during
PILSNER-ESI is challenging, in large part due to the difficulty
of directly determining the number and size of particles being

collected on the stage and collector droplet per unit time. To
determine the average number of charges per electrosprayed
droplet, two solutions of different concentrations of fluorescein
(2 and 20 mM) in water were electrosprayed at the PILSNER-
ESI setup while an amperometric measurement applying 0 V
was being made. The total charge collected during these
amperometry experiments was integrated to determine the
total amount of charge and from that the number of
fundamental charges, collected during each 30 s experiment.
The fluorescein that deposited on the stage during these
experiments was then used as a tracer in the determination of
how many droplets were actually collected. Fluorescein was
extracted from the stage and electrode by serial rinsing with the
same 1 mL volume of water. The amount of fluorescein in the
extract was measured via a separate calibration (example in
Figure 8, left plot) by fluorescence emission under a
microscope. By estimating that the concentration of fluorescein
in the electrosprayed droplets was constant at 2 or 20 mM, and
by accounting for the dilution made upon extraction from the
stage, the total volume of droplets collected onto the stage over
the course of the 30 s amperometry experiment could be
determined. To determine particle size distributions, an optical
counter was used to measure aerosol counts as a function of
droplet diameter (example in Figure 8, right plot). The total
number of fundamental charges calculated previously was then
divided by the sum of these bin counts to produce an average
number of charges per droplet. The calculated average number
of charges per droplet for the 20 mM (n = 3) and 2 mM (n =
3) fluorescein solutions were 178 ± 14 and 379 ± 119 charges,
respectively. More detailed plots of calculated droplet charges
as a function of droplet diameter for these data are shown and
discussed in Figure S3. These numbers are reasonable given
that the previously cited number of a few thousand charges per
ESI droplet6 refer to droplets immediately following
generation. The droplets collected in these experiments
would likely have undergone some degree of evaporation
and fission en route to the PILSNER stage, reducing their
average charges per droplet. Furthermore, an important
assumption in the above calculation is that all of the fluorescein
extracted from the stage was derived from charged droplets. It
is likely that some fraction of the droplets generated by ESI
consisted of neutrals,19 thus contributing to the observed
number of droplets without actually contributing to the

Figure 7. ESI+ (top) and ESI− (bottom) experiments using the 150
μm steel plate aperture in which the spray was cycled on and off, but a
chassis ground was briefly applied for 1 s at the last three of four on/
off cycles (red asterisk). Note the differences in VOCP decay curve
shape between ESI+ and ESI− postgrounding.

Figure 8. (Left) Example fluorescence calibration curve, as measured by emission spectroscopy (excitation: 490 nm, emission: 510 nm), used in the
determination of the total amount of fluorescein collected during the 20 mM fluorescein ESI exposure experiment outlined in the main text. Black
inset indicates the extract sample measurements (n = 3). (Right) Example particle size distribution of electrosprayed droplets of 20 mM fluorescein
in water, as measured by a Grimm 11-D optical counter (n = 3). The data for the 2 mM fluorescein trial are shown in Figure S4.
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amount of charge measured from the amperogram. This would
cause a skew toward a smaller number of calculated charges per
droplet. This calculation is also limited by the maximum
sampling rate of the potentiostat (∼2 kHz), which limits the
accuracy of the charge integration calculation.

■ CONCLUSION
We demonstrate the applicability of particle-into-liquid
sampling for nanoliter electrochemical reactions (PILSNER)
to the study of the properties of electrosprayed droplets using
open circuit potential (VOCP). Data-driven hypotheses
regarding collector droplet dynamics and the mechanism of
charge detection in PILSNER-ESI are presented, as well as
data indicating that the diffusivity of species in the collector
droplet affects the voltage response observed during PILSNER-
ESI. The behavior of the system also suggests that the
mechanism of charge elimination at the working electrode
surface is affected by the mode of electrospray. Amperometric
measurement during PILSNER-ESI of a fluorescent tracer is
also shown as a method of directly calculating the aggregate
charge of electrosprayed droplets. These measurement
capabilities demonstrate that PILSNER is a viable and simple
tool for the measurement of the charge properties of droplets
and aerosols.
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