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Precise Charge Control and In Situ Monitoring of Interfacial Reactions on Individual Microdroplet
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ABSTRACT: Microdroplet chemistry has garnered increasing attention due to the discovery that extreme redox reactions can
spontaneously occur at droplet interfaces. Most current studies rely on ensemble-averaged aerosol behavior, yet each microdroplet
may exhibit vastly different reactivities depending on its size and charge polarity. To address this problem, we developed a dielectric
barrier electrospray platform, which treats the entire liquid volume confined within the emitter tip as a single stationary microdroplet
reactor. This setup enables precise charge control and in situ monitoring of interfacial reactions in this isolated, picoliter-to-nanoliter
droplet. Our results reveal that redox processes at microdroplet interfaces can proceed as spontaneous interfacial electrochemical
reactions, driven by the polarity of microdroplet charge. The reaction mechanism can be explained well by a modified microdroplet
electric double-layer model. The reaction Faradaic current was measured at 58 pA, corresponding to a current density of 1.7 mA/
m’—remarkably consistent with estimations of charged microdroplet activity in atmospheric clouds. With this platform, we
demonstrated that the disproportionation of nitrogen at microdroplet interfaces originates from the reaction polarity being defined at
the single-droplet level by its charge, each selectively catalyzing the oxidation or reduction of N,. These findings not only shed light
on the atmospheric nitrogen cycle but also offer critical theoretical guidance for future bulk nitrogen chemistry enabled by
microdroplet catalysis.

B INTRODUCTION reactions at microdroplet interfaces remain a widely debated,
yet unresolved, scientific challenge.

A prevailing hypothesis attributes these phenomena to the
ultrahigh electric fields at microdroplet interfaces, fields that
reach magnitudes of 10° V/m.”**™*’ This hypothesis is
supported by calculations™ and Raman spectroscopy measure-

In 2011, the phenomenon of accelerated chemical reactions at
microdroplet interfaces was first discovered using electrospray
ionization mass spectrometry,' > sparking widespread interest
in microdroplet chemistry. As research progressed, it was

further revealed that microdroplet interfaces exhibit unique ments.>**° Although the ultrahigh electric field hypothesis
redox properties, enabling the catalysis or spontaneous provides a thermodynamic rationale for the occurrence of
occurrence of redox reactions that are otherwise challenging extreme redox reactions, it struggles to explain the dual redox
in bulk solutions.*”' For instance, hydroxyl radicals were behavior of microdroplets—why they sometimes exhibit
found to spontaneously form on the surfaces of water oxidative properties and other times reductive proper-
microdroplets,'' ™' triggering a series of oxidation reactions, ties.”*>*' Notably, although most microdroplet chemistry
including the Dakin reaction, Baeyer—Villiger oxidation,'*

C—H oxidation,"® and C—N coupling reactions.'®'” Addition- Received: September 28, 2025

ally, microdroplet interfaces can undergo reduction reactions Revised: ~ November 20, 2025

by gaining electrons,'® as in the spontaneous reduction of Accepted: December 10, 2025

metal ions to form clusters or nanoparticles'”* and the Published: December 20, 2025

generation of highly reactive radical anions.”' ~** Despite these
advances, the driving forces and polarity control of redox
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Figure 1. Mass spectrometric monitoring of interfacial EC reactions of specific microdroplets with controlled char%e and polarity. (a) The size and
13,37

charge of microdroplets reported in the literature for electrospray,®>® ultrasonic spray,

33,38

pneumatic spray, ~’

thermal spray,‘gs’39

and cloud

droplets.*” The surface charge density (¢) and charge-induced electric field strength (E) for each type of microdroplet are calculated and displayed.
(b) Charge distribution and redox reactions in natural aerosols. When microdroplets in aerosols undergo random splitting, the charge distribution
becomes uneven, resulting in some microdroplets carrying negative charges and some positive charges. Positively charged microdroplets likely
undergo reduction reactions at the gas—liquid interface, while negatively charged microdroplets undergo oxidation reactions. (c) Setup of the DB-
ESI system. (d) The mechanism of DB-ESI to control charges as well as analysis of interfacial EC reactions of a specific microdroplet. The charge of
the microdroplet is determined by capacitor charging (Stage 1), and low-current electrospray (Stage 2) is used for continuous interfacial EC
reaction monitoring.

studies on the charge distribution of aerosol microdroplets
have consistently shown that both positively and negatively
charged microdroplets coexist in aerosols generated by

experiments generate neutral microdroplet aerosols through
methods such as ultrasonic spraying, this does not imply that
every microdroplet is electrically neutral.”>™** Historical
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13,37 33,38

electrospray,g’s’g’6 pneumatic spray, ultrasonic spray,
and thermal spray,®*” as well as in naturally formed aerosols
such as clouds and fogs**™* (Figure la). Therefore, the
reaction property of a specific microdroplet vs ensembles of
microdroplets can be totally different. A possible hypothesis
(Figure 1b) is that the redox reactivity of a specific
microdroplet is intrinsically determined by the microdroplet’s
polarity, representing a fundamental electrochemical process
occurring at gas—liquid interfaces. As microdroplet aerosols
contain both positive and negative droplets, they may
simultaneously exhibit both oxidative and reductive reactivity
measured at the macroscopic scale, as reported in recent
studies.”**° However, validating this idea involves a bottleneck
problem in the microdroplet research field: how to precisely
control the charge polarity of a single droplet and accurately
monitor the reactions occurring at its gas—liquid interface.

B EXPERIMENTAL SECTION

Chemicals and Materials

Melatonin (98%), reserpine (98%), threonic acid (98%),
angiotensin II (90%), and ammonium bicarbonate
(NH,HCO;, 99.9%) were bought from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Sennoside B (purity:
analytical reference), adenosine diphosphate (ADP, 98%), o-
phenylenediamine (OPD, 98%), cobalt(II) sulfate heptahy-
drate (C0SO,-7H,0, 99.99%), deuterium water (99.9%), and
insulin (27 U/mg) were obtained from Meryer Chemical
Technology Co., Ltd. (Shanghai, China). Caffeine (98%) was
purchased from Shanghai Reagent Factory No. 2 (Shanghai,
China). 3-Aminobenzeneboronic acid (3-ABBA, 98%)was
bought from Bidiphar (Shanghai, China). Formic acid (FA,
LC—MS grade) was obtained from TCI Chemicals (Shanghai,
China). Trimethylaminomethane (Tris, AR), ethylenediamine
tetraacetic acid disodium salt (EDTA, AR), ammonium acetate
(NH4Ac, AR), hydrogen peroxide (H,0, AR), magnesium
chloride (MgCl,, AR), and manganese chloride (MnCl,, AR)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The Tris buffer solution was 50 nM Tris, 2
nM EDTA, 1 nM MgCl,, and 1 nM MnCl,. Borosilicate glass
capillary (LD. = 0.86 mm, O.D. = 1.5 mm, without filament)
was obtained from Sutter Instrument Company (Novato, CA,
USA). Purified water used in this experiment was purchased
from Hangzhou Wahaha Group Co., Ltd. Nitrogen was
provided by a QPNM-35H nitrogen generator (Shanghai
Quan Pu Scientific Instruments Co., Ltd., Shanghai, China).

Fabrication of Electrospray lonization Source Emitters

Borosilicate glass capillaries were pulled by a Sutter Instrument
CO. P-97 puller (Novato, CA, USA) and manually cut to make
the electrospray emitters with an LD. of 18 to 22 um (observed
by a microscope, YXL3230, Beijing Dayueweijia Technology
Co., Ltd,, Beijing, China). The parameters of P-97 were as
follows: HEAT = 575, PRESSURE = 200, VELOCITY = 150,
TIME = 0, and PULL = 0. Borosilicate glass capillaries were
pulled by a Sutter Instrument Co. P-97 puller (Novato, CA,
USA) to make the electrospray (ESI) emitters with an LD. of
1.0 to 2.5 um (observed by a microscope, YXL3230, Beijing
Dayueweijia Technology Co., Ltd., Beijing, China). The
parameters of P-97 were as follows: HEAT = 574, PRESSURE
= 600, VELOCITY = 15, DELAY = 250, and PULL = 0.
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Sampling Method

In the experiment, capillary force was utilized for sampling
microdroplet solution into the emitter with the sampling
volume controlled by adjusting the immersion time of the
emitter tip in the sample solution. When the immersion
duration ranged from 10 to 12 s, the collected sample volume
was measured between 9.6 and 10.3 nL. An immersion time of
approximately 0.4 s yielded a sampling quantity of about 10 pL
(Figure S1).

Dielectric Barrier Electrospray lonization (DB-ESI) System

The ring electrode was a stainless steel hollow cylinder with an
LD. of 1.6 mm, an O.D. of 1 cm, and a length of 1 cm, which
was mounted on an electrically insulated 3D moving stage (x,
¥, z). A tapered nESI emitter was placed passing through the
hollow ring electrode. The emitter tip O.D. was measured at
1.5—2.0 um. A DC voltage (+1.5 or —1.2 kV) was applied to
the electrode to generate an electrostatic field. The electrode-
to-solution distance (distance between the electrode front
cross-section and the solution rear interface) was typically
maintained at 9—12 mm. The distance between the emitter tip
and the MS inlet (usually S mm) was adjustable via the 3D
moving stage (Figure lc).

Measurement of Electrospray Current

The electrospray current measurement experiment was carried
out in a Faraday cage (Figure S2). The Faraday cage was made
of a 99.9% pure copper mesh (200 mesh). The Faraday cup
used to receive the ion current was made of stainless steel. The
ammeter was a KEYSIGHT B2981B femtoammeter/picoam-
meter (Keysight Technologies, Santa Rosa, California, USA).
When testing the current, the Faraday cage, ammeter, and
high-voltage power supply were all well grounded, and there
was no electromagnetic interference or large instrument
operation nearby.

B RESULTS AND DISCUSSION

Precise Charge Control and Continuous Interfacial
Reaction Monitoring of Specific Microdroplets

In this work, we address this challenge by developing dielectric
barrier electrospray ionization mass spectrometry (DB-ESI-
MS). This approach enables stable maintenance and precise
net charge control for a specific microdroplet with the
minimum size reaching 10 pL (equivalent to a 13 ym spherical
droplet) while simultaneously allowing ultrasensitive and
continuous in situ reaction monitoring of microdroplet
interfacial electrochemistry by high-resolution mass spectrom-
etry (HRMS). The DB-ESI system consists of three main
components: a tapered capillary, a ring electrode, and a high-
voltage DC power supply (Figure 1c). The tapered glass
capillary utilizes capillary force to control the siphoning of pL-
to-nL volumes of microdroplet solutions (Figure S1). As
illustrated in Figure 1c, when a DC high voltage is applied to
the ring electrode, the resulting electrostatic field induces
polarization of the microdroplet, leading to electrospray at the
emitter tip and generating a spray current (I,,). This
electrospray not only causes the separation of positive and
negative charges within the microdroplet, gradually charging it,
but also carries substances from the microdroplet to MS for
analysis. Notably, I, comprises two components: the
capacitive charging current (I, non-Faradaic current) due
to microdroplet polarization and the interfacial EC reaction
current (Ic, Faradaic current) at the gas—liquid interface. The

https://doi.org/10.1021/acs.analchem.5c06042
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Figure 2. EC redox reactions at the gas—liquid interface of water microdroplets. (a) Evidence of oxidation reactions at negatively charged
interfaces. The process can be probed by the oxidation reaction of 3-ABBA to 3-AP. (b) The mass spectrum of DB-ESI analysis of a solution
containing 100 ppm 3-ABBA and 50 mM NH,HCO;. The 3-ABBA ([M + H]*, m/z 138.0720) was observed to oxidize to 3-AP ([M + H]*, m/z
110.0601), indicating the formation of hydroxy radicals and peroxides at the interface. (c) Control experiment using nESI: no oxidation product
was observed in bulk conditions. (d) Evidence of reduction reactions at positively charged interfaces: hydrogen sulfate ions were reduced to sulfite
radical anions. (e) The mass spectrum of DB-ESI of a 10 ppm sodium sulfate aqueous solution. Reduction of HSO,~ ([M]~, m/z 96.9605) to
SO;™* ([M]™*, m/z 79.9578) was observed. (f) Control experiment using nESI: no reduction product was observed in bulk conditions.

presence of Iy explains why DB-ESI can hold continuous
electrospray for a very long time, which is quite different from
previously reported induced ESI methods.**** In conventional
ESI, EC reactions at the electrode-solution interfaces are well-
established;**™** however, DB-ESI physically isolates the
electrode from solution, preventing direct charge and
compound exchange. Therefore, the faradaic current (Igc)
and the corresponding redox products in DB-ESI can arise
solely from EC reactions between a charged microdroplet and
surrounding air.

Figure 1D demonstrates the behavior of a 10 nL glutathione
(GSH, 10 ppm) aqueous solution under a +1.5 kV electrode
voltage. Both the total jon chronogram (TIC) from mass
spectrometry and direct measurements of I, (see Figure S2
for the setup used to measure weak electrospray currents)
reveal that the microdroplet underwent a rapid charging
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process within 1.5 s due to the electrostatic field, followed by a
stable spray process lasting several hours (Figure S3, mass
spectra of continuous stable spray over hours). During the
charging stage (Stage 1), the microdroplet in the emitter
accumulated negative charge due to positive spray, which
gradually weakened the electric field at the emitter tip, causing
Iiparge to decrease over time. As the charge on the microdroplet
increased, the interfacial reaction current (Iyc) at the gas—
liquid interface also rose. Although Irc may initially be much
smaller than Iy, it becomes the dominant contributor to
Iy during the stable spray stage (stage 2), which can last for
hours. The equivalent circuit of DB-ESI is a series—paralle]l RC
circuit (Figure 1d), where the solved expressions of Lharger IEC)
and I,
discussion in Supporting Information, Section 2):

are as follows (detailed solution shown in additional

https://doi.org/10.1021/acs.analchem.5c06042
Anal. Chem. 2026, 98, 850—859


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c06042/suppl_file/ac5c06042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c06042/suppl_file/ac5c06042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c06042/suppl_file/ac5c06042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c06042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c06042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c06042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c06042?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c06042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(a) Simulated electric field distribution near the
microdroplet surface in a DB-ESI.

Charged Microdroplet Naturally Charged

in DB-ESI Microdroplet
10nL -~ .
5.4x10%e el

Equivalent Calculation
of E,; at
EC Reaction Interface

3.2 mm

(b) Charge derived electric field and electric double

layer electric field at microdroplet interface.

E ;i Govern Interfacial EC Reaction Strength

Eqir =

o
—~10°V/m
€0

E..

j= ﬂNlO’?'A/mz
Pair

Charged

Microdroplet

+

Pa—

Gas-Liquid
EDL
Egp~10°V/m

Egp: Allow Electron Transfer at Gas-Liquid Interface

Diverse EC Redox Reactions in Gas-Liquid EDL

Gas phase molecules Liquid

lonized gas ions

Free electrons
EC Redox
Reactions > Solvents
Interfacial Compounds

Partial Solvated lons

Figure 3. Modified microdroplet electric double layer model to account for the observed interfacial electrochemistry. (a) A COMSOL simulation

was performed on a 10 nL solution carrying a charge of 8.7 X 107° C (5.4 x 10° e). The simulated E

near the droplet surface in DB-ESI was

air

found to be 2.0 X 10° V/m, which corresponds to the E,; value of a spherical droplet with a charge density of 11 e/um? (b) Charge-derived electric
field (E,;) and electric double layer electric field (Egp;) at the microdroplet interface. The EDL between a charged microdroplet and the
denoting the electric field strength penetrating into the gaseous side of this
layer, directly dictates the rate or current of electrochemical reactions on the microdroplet surface.

surrounding gas generates an extremely high internal electric field. E

air

Icharge(t) = d_Q = Ee_(Rl_'—RZ)/RleCt
@ ok 1)
IEC(t) = & = L(l _ e—(R1+Rz)/R1RZCt)
CR, Ri+R, (2)
Lpray () = Lrge(t) + Ic(t)
= E _ L e_(R1+R2)/RlR2Ct + L
Rl Rl + R2 1{1 + R2
3)

By fitting the spray current versus time data in Figure 1d
using eq 3, the following results are obtained:

t 2
.. (pA) = 2280 X exp| ——— | + 58 (R® = 0.9938
pray(PA) Xp( 0.37) ( )
4)

t
Lparge(PA) = 2338 X exp(——]

0.37 ()

Based on the fitting results from eq 4, the Faradaic current
on the microdroplet interface Iz in DB-ESI is 58 pA. By
integrating Iy, (eq 5), the total charge of the 10 nL
microdroplet during stable spraying was calculated to be 8.7 X
107 C (5.4 x 10° e). These experimental results demonstrate
that DB-ESI enables precise control over the charge polarity
and magnitude of a specific microdroplet while also providing
stable, long-lasting electrospray for reaction monitoring of the
microdroplet. We further evaluated the analytical performance
of DB-ESI with several typical analytes (Table S1),
demonstrating that DB-ESI had ultrahigh sensitivity with a
LOD of attogram (ag) level (additional discussion in
Supporting Information, Section 3, Figures S4—S6). This
exceptional sensitivity makes DB-ESI highly suitable for real-
time in situ monitoring of EC reactions at microdroplet
interfaces.
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Interfacial EC Reaction Governed by Microdroplet Charge
and Polarity

Using the DB-ESI system, we validated the hypothesis that
redox reactions occurring at microdroplet interfaces are
fundamentally governed by the charge polarity of the
microdroplets through EC mechanisms. In these experiments,
we used a 10 pL microdroplet volume (equivalent to a 13 ym
spherical droplet) for analysis. First, we demonstrated that
negatively charged water microdroplets are more prone to
oxidation reactions in air. Aminophenylboronic acid (3-ABBA,
10 ppm) was employed as probe molecules'”**~>' to capture
*OH or H,0, to produce 3-aminophenol (3-AP) during DB-
ESI analysis of 10 pL water microdroplets (Figures 2a and S7).
The DB-ESI-MS results confirmed the gradual oxidation of 3-
ABBA ([M + HJ*, m/z 138.0720) to 3-AP ([M + H]*, m/z
110.0601) at the microdroplet interface (Figures 2b, S8, and
S9), proving that the spontaneous EC reaction on negative
microdroplet interfaces generated oxidizing reagents such as
*OH and H,0,, which triggered a variety of oxidation
reactions within the microdroplets.'*>> In contrast, control
experiments using nESI to directly analyze 3-ABBA bulk
solutions did not observe the oxidation of 3-ABBA to 3-AP
(Figures 2C and S9).

To demonstrate that positively charged microdroplet
interfaces are more likely to undergo reduction reactions, we
selected the reduction of sulfate to the sulfite radical anion
(SO;™*) as a model reaction (Figure 2d). For 10 pL of Na,SO,
aqueous microdroplets (10 ppm), DB-ESI simultaneously
detected HSO,~ ([M]~, m/z 96.9605) and SO;~* ([M]~*, m/z
79.9578) (Figure 2e). The ratio of the reduction product
SO;7* to the reactant HSO,™ increased over time, indicating
the accumulation of the EC reaction product (Figure S10). In
contrast, no reduction reaction was observed in the nESI
control experiments (Figure 2f).

By comparing the kinetics of oxidation and reduction
reactions at the microdroplet interface (Figures S9b and
S10b), we found that oxidation reactions proceed more
rapidly. This is likely because water itself can participate in
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Figure 4. Microdroplet-catalyzed N, disproportionation reaction. The microdroplet volume used in these experiments was 10 nL. (a) N,
underwent a disproportionation reaction in the microdroplets. The microdroplets with positive charges on the surface underwent a reduction
reaction, generating a series of reduction products such as ammonia and hydroxylamine. The microdroplets with negative charges on the surface
underwent an oxidation reaction, generating a series of oxidation products such as nitric acid and nitrous acid. (b) HRMS spectra of nitrate ions

(NO,™, m/z, 61.9890) generated on the negatively charged microdroplet interface. (c) HRMS spectra of [Co**-NH;-HO™]*

(m/z, 92.9619) and

[Co?* NH,OH-HO™]* (m/z, 108.9569) generated at the interface of positively charged microdroplets.

oxidation reactions at the interface, forming reactive species
such as *OH/(H,0),*****, which further react with
substrates in the microdroplet. In contrast, the reduction of
water at the interface generates active *H species, or electrons
rapidly diffuse. As a result, reduction reactions may require
direct participation of substrates at the microdroplet interface
for electron transfer, leading to slower kinetics compared with
oxidation processes.

Modified Microdroplet Electric Double Layer Model to
Account for the Observed Interfacial Electrochemistry

Furthermore, we also explored whether the EC reactions
observed on the surfaces of charged microdroplets in DB-ESI
can represent spontaneous electrochemical reactions on the
surfaces of naturally formed microdroplets. Figure la shows
the charge density and the charge-induced electric field
strength (E,, near the microdroplet surface in the gas
phase) of microdroplets generated in different ways, among
which charged microdroplets in clouds showed an average
diameter of 6 yum and a charge of 1500 e, corresponding to a

E,. of apprommately 2.4 X 10° V/m and a surface charge
density of 13 e/um?. Based on the fitting results in Figure 1d,
we determined that the 10 nL solution carried a charge of 8.7
X 107" C (5.4 X 10° e) during stabilized DB-ESI spraying.
Based on the microdroplet geometry in Figure S1, we used
COMSOL simulation (Figure S11) to obtain the E,;, of 2.0 X
10° V/m near the microdroplet surface in DB-ESI (Figure 3a),
corresponding to the E; value of a ball-shaped microdroplet
with 11 e/ ﬂmz charge density. The above results indicate that
the electrochemical processes occurring on natural micro-
droplet surfaces may be similar to or even stronger than those
observed in DB-ESI. We calculated a Faradaic current density
of 1.7 X 107 A/m? in DB-ESI (details in Supporting
Information, Section 4). Although this current density is
1000 to 10,000 times lower than that of conventional solid—
liquid electrochemical systems, the vast total surface area of
microdroplets in clouds may reach a substantial magnitude,
rendering microdroplet electrochemistry non-negligible in
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atmospheric chemical processes (a quantitative assessment of
its influence is provided in Supporting Information, Section ).

It should be clarified that E_;, is fundamentally distinct from
the interfacial electric fields with 10°~10' V/m strength at
microdroplet boundaries in prior reports.”***° As these
reported 10° V/m interfacial fields are highly consistent with
the characteristic electric double layer (EDL) fields (108—10"°
V/m) observed at solid—liquid EC interfaces,”’ ~>” hypotheses
regarding the EDL at microdroplet interfaces were proposed in
several recent studies.””*°~® For instance, Chamberlayne and
Zare suggested that ion adsorption at the liquid surface
constituted the primary source of EDL;*>*° Kumar and
Francisco proposed that ion pairs form a subsurface enrich-
ment layer in microdroplets, with a superjacent ion-depleted
water layer, creating interfacial electric fields s1gn1ﬁcantly
stronger than predicted by classical EDL models;** Cooks and
Amotz proposed the microdro 6plet EDL might involve water
radical cation/anion pairs;””>*** Bonn et al. further elucidated
the EDL dynamics at the air—aqueous electrolyte solution
interface driven by ion conduction using nonlinear time-
resolved vibrational sum-frequency generation.”> The pro-
posed EDL model at the gas—liquid interface of microdroplets
provides a compelling explanation for the ultrahigh electric
fields generated by molecular dissociation and ion adsorption.
However, whether electrochemical reactions occur at the EDL
remains unresolved due to the lack of direct and reliable
experimental evidence.

As we clearly observed EC reactions and measured the
Faradaic current at the gas—liquid interface, it strongly implies
the EDL (Egp, ca. 10° V/m) should also include a gas—liquid
transitional region extending beyond the liquid phase of the
microdroplet (Figure 3b), including solvents, interfacial
compounds, and partially solvated ions in the liquid phase,
as well as gas-phase molecules, ionized gas ions, and free
electrons in the gas phase. The rationale of the hypothesis is
from the gas breakdown theory that fields reaching 10° V/m
can induce gas ionization, 567 while the Egp; was three orders
of magnitude exceeding this limit. Therefore, we propose a
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modified microdroplet EDL model to account for the observed
interfacial electrochemistry (Figure 3b): (1) the EDL-like
structures formed between the charged microdroplet and
surrounding gas, with ultrahigh inner electric fields (Egp; ca.
10° V/m), may ionize surrounding gas()g_70 to generate free
electrons and allow electron transfer in EDL; (2) E,,
represents the electric field strength in the gas phase
penetrating through the EDL, primarily governed by the
microdroplet’s surface charge density according to Coulomb’s
law. Its magnitude directly determines the strength/current of
the microdroplet surface EC reactions.

Nitrogen Disproportionation at the Gas—Liquid Interface
of a Single Microdroplet

In our recent study, we have demonstrated through scaled-up
microdroplet experiments that neutral microdroplet aerosols
can catalyze the disproportionation of N,.”' This raised a
puzzling question: under identical conditions, why does the
microdroplet interface simultaneously catalyze both the
oxidation and reduction reactions of N,? In the following
experiments, we definitively demonstrate that N, undergoes
either oxidation or reduction exclusively on microdroplet
surfaces with different charge polarities (Figure 4a). We
continuously introduced N, into deionized water to obtain a
saturated N, aqueous solution in ambient condition (N,
concentration ca. 25 ppm). As shown in Figure 4b, we kept
the negatively charged microdroplet in the air for 1 min and
clearly detected nitrate ions (NO;~, m/z 61.9890) in the
following MS analysis. Since the HRMS experiment cannot be
conducted for species of m/z lower than 50, in order to achieve
HRMS of small m/z ions such as nitrite (NO,~), we added 28
ppm of cobalt sulfate (CoSO,) to the microdroplet solution for
DB-ESI analysis (Figure S12). As shown in Figure S12b,c, we
observed the generation of cobalt-nitrate ([Co**-H,0-NO;]*,
m/z 138.9310) as well as cobalt-nitrite ([Co**-H,0-NO, |*,
m/z 122.9361), indicating that N, underwent an oxidation
reaction at the negatively charged microdroplet surface to
generate nitrite and nitrate. Similarly, for the positively charged
microdroplet (Figure 4c), we observed the complexes of cobalt
ions with NH; and NH,0H, [Co**NH;-HO™|* (m/z,
92.9619) and [Co**NH,OH-HO]* (m/z, 108.9569), in-
dicating that N, underwent a reduction reaction at the
positively charged microdroplet surface. These experiments
provide clear evidence that the polarity of spontaneous EC
reactions of N, on the microdroplet surface is governed by
microdroplet charge and explains why N, will present a
disproportionation phenomenon in aerosols. These experi-
ments also solved a long-standing problem in the field of
microdroplet research, that is, why neutral aerosols generated
by pneumatic spray or ultrasonic spray sometimes behave
strongly reducing, such as the spontaneous reduction of metal
ions to form clusters or nanoparticles,"”**”> and sometimes
behave oxidizing, forming hydroxyl radicals."' ="

Reactions in Charged and “Uncharged” Microdroplets

Finally, we discuss how our results relate to recent observations
in “uncharged” microdroplets (probably better phrased as
“ultraweakly charged microdroplets”). Since microdroplet
chemistry was originally discovered in electrospray,’ there
has been a long-standing debate over whether microdroplet
reactivity arises primarily from electric charge or from intrinsic
interfacial properties. In our view, these two perspectives are
not mutually exclusive. For example, Zhang et al. recently
generated microdroplets via CO, dry ice bubbling in aqueous
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solution.” Charge-deflection measurements® showed that
these droplets carry essentially no net charge, yet they still
promote reactions such as Schiff-base formation and Michael
addition—clear evidence of intrinsic microdroplet reactivity.
However, reactions involving the generation of water radical
cations or other highly reactive radical oxidants/reductants are
difficult to sustain in such nearly uncharged droplets.’* In
contrast, these “extreme” redox processes occur readily in the
charged microdroplets studied here. The reason, we believe, is
that the droplet-borne charge itself effectively acts as a
continuously supplied oxidizing or reducing driving force.
For microdroplet reactions that require such extreme redox
conditions, the ability to rationally modulate droplet charge is
essential for achieving controlled reactivity.

B CONCLUSION

In this work, we sought to uncover the fundamental factors
that drive redox reactions at the interfaces of microdroplets.
Previous microdroplet reaction studies have typically relied on
ensemble-averaged results from aerosolized droplets, over-
looking the heterogeneity of microdroplets in charge polarity,
charge quantity, and droplet size—factors that can profoundly
influence microdroplet interfacial chemistry. By developing a
DB-ESI platform, we achieved, for the first time, long-term
continuous monitoring of single microdroplets (pL-nL scale)
with precisely controlled size, charge polarity, and charge
quantity. Our results demonstrate a direct correlation between
the droplet’s electrical properties and its interfacial redox
behavior, and we interpret these findings within an electro-
chemical framework. Through simulations and calculations, we
further show that DB-ESI experiments can model the intensity
of electrochemical reactions at charged microdroplet—air
interfaces in nature. Notably, we report the first quantitative
measurement of the interfacial electrochemical current density
between microdroplets and air (1.7 mA/m?), providing critical
experimental benchmarks for understanding such processes in
natural environments. We postulate that this work not only
advances the mechanistic understanding of microdroplet
chemistry but also establishes an experimental methodology
for designing more precise and reliable microdroplet-based
studies in the future.
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