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Contact electrification (CE) in water has attracted much attention, owing to its potential
impacts on the chemical reactions, such as the recent discovery of spontaneous genera-
tion of hydrogen peroxide (H,0,) in water microdroplets. However, current studies focus
on the CE of bulk water, the measurement of CE between micrometer-size water droplets
is a challenge and its mechanism still remains ambiguous. Here, a method for quanti-
fying the amount of charge carried by the water microdroplets produced by ultrasonic
atomization is proposed. In the method, the motions of water microdroplets in a uniform
electric field are observed and the electrostatic forces on the microdroplets are calculated
based on the moving speed of the microdroplets. It is revealed that the charge transfer
between water microdroplets is size-dependent. The large microdroplets tend to be pos-
itively charged while the small microdroplets tend to receive negative charges, implying
that the negative charges transfer from large microdroplets to the small microdroplets
during ultrasonic atomization. Further, a theoretical model for microdroplets charging
is proposed, in which the curvature-induced surface potential/energy difference is sug-
gested to be responsible for the charge transfer between microdroplets. The findings
show that the electric field strength between two microdroplets with opposite charges
during separation is strong enough to convert OH™ to OH*, providing evidence for the
CE-induced spontaneous generation of H,0, in water microdroplets.

contact electrification | water droplets | size-dependent | liquid-liquid interface

Contact electrification (CE) is one of the most mysterious physical phenomena that occurs
at almost any material contact interface, which is responsible for the charging of small
solid particles in such as sand storms and fluidized beds (1, 2). The charging of liquid
microdroplets is also common in nature, such as in the electrification of thunderstorms
and fogs (3). The charge transfer between chemically identical solid particles has been
widely discussed (4, 5). It was revealed that the charge transfer of the solid particles is
size-dependent, the small solid particles tend to receive negative charges and large solid
particles tend to be positively charged in the CE of multiparticle systems (6). However,
the charge transfer between chemically identical liquid microdroplets was rarely mentioned
owing to the lack of relevant control and detection techniques, leading to a poor under-
standing of the formation of the charged liquid microdroplets in nature.

Revealing the mechanism of CE between liquid microdroplets also has implications for
understanding microdroplet chemistry (7—11). Over the past decade, the chemical properties
of the liquid micro/nanodroplets were demonstrated to be very different from that of the
bulk liquid (12, 13), and a large number of studies have shown that many chemical reactions
in micrometer-sized water droplets are several orders of magnitude faster compared to that
in the bulk phase water (14-18). The rapid chemical reactions in microdroplets have impor-
tant applications in chemical synthesis (19-22), materials science (23, 24), and biological
science (25-27), but the mechanism of microdroplet chemistry is not fully understood
(14, 28). The surface electric fields were recently confirmed to be one of the sources of the
accelerated reaction in microdroplets (29-32), implying that the surface electric field
induced by the CE between microdroplets may contribute to the microdroplet chemical
reaction (33). A typical microdroplet chemical reaction is introduced here to better illustrate
the importance of CE to the chemical reaction. Very recently, it was reported that water
will be oxidized by atomizing bulk water into micrometer-sized droplets and spontaneously
producing hydrogen peroxide (H,0,) without external electric field (34-39). This is an
exciting discovery which provides innovative opportunities for self-cleaning of surface and
safe disinfection. It also gives a new clue for the generation of the O, molecules in the
prebiotic period (38, 39). However, the mechanism of the spontaneous generation of H,0,
is still under debate and a potential explanation was proposed that the strong electric field
at the periphery of water microdroplet assists the conversion of OH™ to OH* and further
generates H,0, (38, 39). In addition, the CE-induced charging of the water microdroplets
may be responsible for the generation of the strong electric field at the periphery, which
indicates that the CE could be the fundamental driving force for the spontaneous generation
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of H,0, in the water microdroplets (36). Therefore, it is of great
significance to investigate the charge transfer mechanism between
water microdroplets for the CE-induced chemical reactions, such
as the spontaneous generation of H,O,.

In this paper, the water microdroplets were generated by ultra-
sonic nebulization, and the amount of charge carried by the
microdroplets was measured by observing the movement of the
microdroplets in a uniform electric field. The size distribution and
carried charges of the water microdroplets were measured by using
Kelvin probe force microscopy (KPEM). It is shown that the small
microdroplets tend to receive negative charges while the large
microdroplets tend to be positively charged in the ultrasonic nebu-
lization, which is consistent with the reported cases with chemi-
cally identical solid particles. Based on the curvature-induced
energy shift of the microdroplets, a theoretical model to explain
the size-dependent charge transfer between water microdroplets
is proposed here. The findings provide experimental evidence for
the charging of the microdroplets, supporting the CE-induced
spontaneous generation of H,0, and having implications for son-
ochemistry and microdroplet chemistry.

Results

The Measurement Principle of Charges Carried by the Water
Microdroplets. The measurement of the droplet charges has always

A Electrode B +

/

been an important topic. In addition to using a Faraday cup (40,
41), an effective way to measure droplet charge is to place the
droplet in a uniform electric field (42—45) and then obtain the
droplet charge by observing the electric field force received by the
droplet, such as the famous Millikan experiment (43, 44) and recent
studies about CE between water and hydrophobic surfaces (45).
Similar to these experiments, we designed a method to measure
the amount of charge carried by the fog microdroplets. In our
method, an ultrasonic atomizer was placed below the gap of two
parallel electrodes (50 cm apart), as shown in Fig. 14. The deionized
water (DI water) was atomized and the fog microdroplets will
move upward and into the gap between two electrodes. When
constant voltages were applied on the electrodes, a stable electric
field will be established between the two electrodes and the charged
microdroplets will experience electrostatic force. As shown in
Fig. 1B, the electrostatic forces on the negatively and positively
charged microdroplets are toward the positive and negative
electrodes, respectively. Therefore, the polarity of the charge carried
by the microdroplets can be obtained by observing the moving
direction of the microdroplets in the electric field. When the fog
microdroplets begin to move due to the electrostatic force, the
microdroplets will experience a drag force, which is opposite to
the electrostatic force (46). It was demonstrated that the charged
particle and microdroplet in the electric field will accelerate and,
due to the balance of electric force and drag force, quickly reach

@ Positive charge

Fig.1. The setup of the experiments. (A) The schematic diagram of the experiment set. An ultrasonic atomizer is placed below the gap of two parallel electrodes,
which are 50 cm apart. (B) The schematic for the movement and force analysis of the negatively charged and positively charged water microdroplet in the
uniformed electric field. The negatively charged microdroplet will move toward the positive electrode while the positively charged will move toward the negative
electrode owing to the opposite’s attraction. F, denotes the electrostatic force on the microdroplet, and F,; denotes the drag force on the microdroplet. (C) The
movement of the fog microdroplets taking by the high-speed camera, when the two electrode potentials are 8 kV and -8 kV, respectively.
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a stable velocity, which is called the terminal electrostatic velocity

(V) and can be calculated by (47)

_ neE C,
TE = 3and’

(1]
where 7 is number of elementary charges, e is elementary charge,
E is electric field strength, C, is Cunningham correction factor, 7
is air viscosity, and & is microdroplet diameter.

the diameter of the circular charge pattern (4”), which is also
the diameter of the contact region between water microdroplet
and PTFE film, can be directly measured by using KPFM (the
principle of the KPFM for surface charge measurement has been
introduced elsewhere) (49). According to the geometric and
the volume conservation of the microdroplets before and after
the adsorption, the diameter of the microdroplets (&) before
adsorption on the PTFE surface is calculated to be (the calculation
details are shown in ST Appendix, Fig. S1 and Supplementary note I)

4=J31—1< ! 2< — F—
2 \sin(x—80) sin(z—60) tan(x—80) 4tan(r—0) [5]

Here, the Cunningham correction factor (C,) has many forms
depending on the regions (48). Since the Reynolds number (Re)
described in the following equation in our case is estimated to be
much less than 1, the situation lies in the Stokes” region (47).

— Pair VTEd
n

Re (2]

where p ;. is the air density.
For Stokes’ region, the Cunningham correction factor is calcu-

lated by (47)

2.524
C =1+==,
¢ 7 (3]
where A is mean free path of air molecule.
Combining Egs. 1 and 3, the amount of charge (g) carried by

the microdroplet can be calculated by

VTE37L' nd 2

1= = T 42520 [4]

In Eq. 4, the air viscosity (), electric field strength (£), and
mean free path of air molecule (1) are known. If the two unknowns
(Vzg and 4) are measured, the amount of charge carried by
microdroplets can be obtained. Here, the terminal electrostatic
velocity (Vi) is measured and calculated by using a high-speed
camera. As shown in Fig. 1Cand Movie S1, the fog microdroplets
were separated into two parts and attracted by the electrodes when
the 8 kV and -8 kV potentials were applied. This implies that
there are both positive and negative microdroplets in ultrasonic
atomization. By observing the video and measuring the moving
distance of the fog microdroplets within a certain time, the ter-
minal electrostatic velocity of microdroplets can be obtained by
dividing the traveling distance by time.

Measuring the Water Microdroplets Size Distribution. Measuring
size distribution of the collected volatile microdroplets is a
challenging task. At present, the size distribution of the collected
microdroplets is usually measured by cascade impactors. However,
the method measures the aerodynamic diameter instead of
geometric diameter and the droplet evaporation heavily affects
further analysis. In this work, we proposed a new method for
measuring the microdroplet size, which is based on the KPFM
method. As shown in Movie S2, a polytetrafluoroethylene (PTFE)
film coated on the conductive Si surface was used to collect the
water microdroplets. As the PTFE film approaches the fog,
the water microdroplets adhere to the PTFE surface and then
evaporate away. During the evaporation, the charge transfer occurs
between the water microdroplets and PTFE film, and the circular
charge pattern is left on the PTFE surface. As shown in Fig. 24,
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where 6 denotes the water contact angle of the PTFE film, which
was measured to be 104° (S Appendix, Fig. S2). Then, we have
d=0.87d".

Fig. 2B gives four charge patterns on the PTFE surface after
contact with microdroplets with different diameters. The diameters
of the circular charge pattern are directly measured to be 1 pm,
3 pm, 4 pm, and 6 pm, corresponding to microdroplet diameters
in 0.87 pm, 2.61 pm, 3.48 pm, and 5.22 pm, respectively. It is
noted that the periphery of the patterns is negative and the middle
region is positive, which is related to the evaporation of water
microdroplets on the PTFE surface. As shown in ST Appendix,
Fig. S3, the water microdroplets shrink under the action of surface
tension at the initial stage of evaporation, and there is mutual
sliding between the microdroplets boundary and PTFE. In this
stage, negative charges are transferred from the microdroplets to
the PTFE surface and microdroplets are positively charged, so the
periphery of the charge pattern is negative. In the next stage, the
microdroplets evaporate directly without shrinking, leaving the
positive charges on the PTFE surface, so that the middle region of
the charge pattern is positive. Although evaporation may carry away
the charge, we can still estimate the charge of the microdroplets by
calculating the average Kelvin potential (V) of the charge pattern,
which is -56 mV, 10 mV, 43 mV, and 72 mV for microdroplets
with 0.87 pm, 2.61 pm, 3.48 pm, and 5.22 pm diameter, respec-
tively (Fig. 2B). The results give the first clue that large microdrop-
lets more likely to be positively charged compared to small
microdroplets in ultrasonic atomization.

To measure the accurate amount of charge carried by the
microdroplet and verify the size-dependent charging of microdrop-
lets in ultrasonic atomization, the diameter distribution of the
microdroplets was calculated. Fig. 2C gives the charge patterns of
the fog microdroplets generated by the ultrasonic atomizer with
1.7 MHz frequency. We counted the diameter over 200 microdrop-
lets and its corresponding distribution is shown in Fig. 2F. It is
shown that the average diameter of the microdroplets generated by
a 1.7-MHz ultrasonic atomizer is about 2.6 pm. This result is con-
sistent with the ultrasonic atomization theory, in which the average
diameter of the water microdroplets can be calculated by (50)

d, = 034(2ZC 153, (6]

pwaler

where d, denotes the average diameter of microdroplets, & is the
surface tension of the DI water, p,,,,,, is the density of DI water,
and fis the frequency of the ultrasonic atomizer. By applying all
the parameters of water in Eq. 6, the average diameter of the water
microdroplets was calculated to be exactly 2.6 pm, which verified
the validity of our KPFM method for measuring the diameter of
water microdroplets.
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Fig.2. Measurement of the water microdroplet diameters. (A) The measurement of the diameter of circular charge patterns on the PTFE surface by using KPFM,
and the schematic of the relation between the diameter of the microdroplet before adsorption and the diameter of circular charge patterns. (B) The charge
pattern generated on the PFTE surface by the evaporation of the microdroplets with different size (V is the average Kelvin potential). The charge patterns on the
PTFE surface after approaching the (C) fog microdroplet (Movie S2), (D) positively charged fog microdroplet (Movie S3) and (E) negatively charge fog microdroplet
(Movie S4) generated by the ultrasonic atomizer of 1.7 MHz frequency. The diameter distribution of (F) all the microdroplets, (G) positive microdroplets, and (H)
negative microdroplets generated by the ultrasonic atomizer of 1.7 MHz frequency.

Further, an electric field was applied at the gap of the electrode
to separate the positive and negative microdroplets, and the positive
microdroplets and negative microdroplets are collected by two PTFE
samples, respectively, as shown in Movies S3 and S4. The charge
patterns of the positive microdroplets and negative microdroplets
left on the PTFE surfaces are given in Fig. 2 D and E; respectively,
and the diameter distributions of the positive microdroplets and
negative microdroplets are shown in Fig. 2 Gand H, respectively. It
can be intuitively seen from Fig. 2 D and E that the negative
microdroplets are significantly smaller than the positive microdrop-
lets, and the average diameters of positive microdroplets and negative
microdroplets are calculated to be 2.8 pm and 1.2 pm, respectively
(Fig. 2 G and H), verifying the size-dependent charging of the

microdroplets in ultrasonic atomization.

Calculation of Charges Carried by the Water Microdroplets. The
average diameter of the microdroplet has been success measured
to be 2.8 pm and 1.2 pm for positive microdroplets and negative
microdroplets, respectively. If the relation between the terminal
electrostatic velocity and the applied electric field is further
determined, the amount of charge carried by the microdroplets

40f9 https://doi.org/10.1073/pnas.2307977120

can be calculated according to Eq. 4. Here, the movement of the
fog microdroplets (generated by the 1.7-MHz ultrasonic atomizer)
in the different electric field various from 200 kV/m to 360 kV/m
was investigated, as shown in Movies S1 and S5-S8 and Fig. 3 A-C.
All the results confirm that there are both positive and negative
microdroplets in the fog. And the moving velocity increased with
the increase of the electric field strength as expected. By extracting
the lateral terminal velocity of the fog microdroplets in the movies,
the relations between the electric field strength and terminal
electrostatic velocity of positive microdroplets and negative
microdroplets were both established as shown in Fig. 3 D and E,
respectively. It is shown that the terminal electrostatic velocity of
both positive and negative microdroplets is proportional to the
electric field strength, which is exactly consistent with Eq. 4. By
plugging the ratio of the terminal velocity to the electric field into
Eq. 4, the amount of positive charge carried by per microdroplet
is calculated to be -2,384 ¢~ and the amount of negative charge
carried by per microdroplet is 540 ¢".

Further, the charging of fog microdroplets generated by
2.4 MHz ultrasonic atomizer was investigated to verify the univer-
sality of our method and the size-dependent charge transfer in
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Fig. 3. Effect of electric field strength on the terminal electrostatic velocity. The movements of the fog microdroplets generated by a 1.7-MHz ultrasonic
atomizer in the (A) 200 kV/m, (B) 280 kV/m, and (C) 360 kV/m electric fields. The relation between the terminal electrostatic velocity of (D) positive microdroplets,

(E) negative microdroplets and the electric field.

ultrasonic atomization. As shown in Movies S9—-S13 and Fig. 44,
there were also both positive microdroplets and negative microdrop-
lets in the fog generated by the 2.4-MHz ultrasonic atomizer, and
the moving velocity of the microdroplets increased with the increase
of electric field. The microdroplets were collected by PTFE sample
and the charge patterns on the PTFE surface are recorded by the
KPFM method (S7 Appendix, Fig. S4). The average diameter of the
microdroplets generated by the 2.4-MHz ultrasonic atomizer can
be seen as smaller than that generated by the 1.7-MHz ultrasonic
atomizer. This is reasonable according to Eq. 6, in which the aver-
age diameter of the microdroplets is proportional to f~2/3. It is
also shown in ST Appendix, Fig. S4 that positive microdroplets are
usually larger than negative microdroplets in ultrasonic atomization
with 2.4 MHz frequency. The diameter distribution of all the
microdroplets, positive microdroplets, and negative microdroplets
generated by the ultrasonic atomizer of 2.4 MHz frequency are
shown in Fig. 4 B-D, and the average diameter of all the microdrop-
lets was determined to be 2.2 pm in this case, which is also con-
sistent with Eq. 6. And the average diameters of positive and
negative microdroplets were calculated to be 2.4 pm and 1.2 pm,
respectively. With the same method used in the 1.7 MHz case, the
relation between the terminal velocity of the microdroplet and the
electric field in the 2.4 MHz case was established and the results
are shown in Fig. 4 E and F. Plugging the ratio of the terminal
velocity to the electric field and average diameter into Eq. 4, the
amount of positive charge carried by per microdroplet is calculated
to be -1,864 ¢ and the amount of negative charge carried by per
microdroplet is 496 €~ in 2.4 MHz case. These results verified the
universality of the size-dependent charging of microdroplets gen-
erated by ultrasonic atomization.

Size-Dependent Charge Transfer Model for the CE between
Water Microdroplets. The experimental studies revealed an
important fact that there are both positive microdroplets and

PNAS 2023 Vol.120 No.31 e2307977120

negative microdroplets generated by ultrasonic atomization,
and on average, the size of the positive microdroplets is usually
larger than that of negative microdroplets. This implies that the
negative charges transfer from the large microdroplet to the small
microdroplet when the two microdroplets are separated by the
ultrasonic stimulation, which is similar to the charge transfer
between two chemically identical solid particles with different sizes.
The mechanism of the size-dependent charge transfer between
chemically identical solid particles has been widely discussed but
it still remains ambiguous (4). A relative success explanation for
the charge transfer between chemically identical solid particles is
that the asymmetric size results in the asymmetric contact stress
and asymmetric contact area involving in the multicollision
CE, further leading to the transfer of negative charge from large
particles to small particles (5). However, this explanation is not
suitable for the liquid case. In ultrasonic atomization as shown
in Fig. 54, there are two modes of microdroplet formation. In
one way, as shown in S/ Appendix, Fig. S5, the water is directly
thrown out of the water surface under the stimulation of ultrasonic
wave to form microdroplets of different sizes. In another case,
the thrown microdroplets are further separated into multiple
microdroplets in different sizes under the action of ultrasonic
wave (S] Appendix, Fig. S6). But in either case, it is impossible for
microdroplets to make multiple contacts with each other owing to
the fluidity of water and there is no asymmetric stress during their
separation. Therefore, though the charging of chemically identical
water microdroplets is similar to that of chemically identical solid
particles, the charging mechanism of microdroplets needs to be
discussed from a completely new perspective.

For simplification, we choose the second microdroplet formation
mode to discuss the charging mechanism of microdroplets, as
shown in ST Appendix, Fig. S6. The two microdroplets are chemi-
cally identical, the only difference between the two is size, which
leads to different surface curvatures: the surface curvature of the

https://doi.org/10.1073/pnas.2307977120 5 of 9
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Fig. 4. The charging of fog microdroplets generated by a 2.4-MHz ultrasonic atomizer. (A) The movement of the fog microdroplets generated by the 2.4-MHz
ultrasonic atomizer in 320 kV/m electric field. The diameter distribution of (B) all the microdroplets, (C) positive microdroplets, and (D) negative microdroplets
generated by the ultrasonic atomizer of 2.4 MHz frequency. The relation between the terminal electrostatic velocity of (£) positive microdroplets, (F) negative

microdroplets and the electric field.

large microdroplet is smaller than that of a small droplet. It was
reported that the surface curvature of water will affect the net
dipolar orientation of water molecules near the surface (51). Water
molecules on the surface of large microdroplets with a small surface
curvature tend to orient their hydrogen toward the vapor phase,
while the water molecules on the small microdroplet surface tend
to orient their hydrogen toward the water side. The orientation of
the water molecules creates an electric field on the surface of the
microdroplet, which affects the surface potential/energy of the
microdroplet. Analogous to the work function of a metal, it can
be inferred that it takes more work to move an electron to infinity
from the inside of a relatively small microdroplet than a relatively
large microdroplet. In other words, the surface potential (SP, cor-
responding to the work function of a metal) of the smaller
microdroplet is larger than that of the larger microdroplet, as shown
in Fig. 5B. Now, we have two trajectories to move a test charge,
such as an electron, from the large microdroplet center to the center
of the small microdroplet (S7 Appendix, Fig. S6A). Trajectory 1 is
going directly from inside the microdroplets; in trajectory 2, the
electron leaves the surface of the large microdroplet and enters the
surface of the small microdroplet. Because the SP of the small
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microdroplet is higher than that of the large microdroplet, the
energy for the electron moving along trajectory 2 will be less than
that moving along trajectory 1 (the energy difference is equal to
the surface potential/energy difference between to the microdrop-
lets). This cannot happen in real physics since it violates the law of
conservation of energy. Thus, the difference in SP of the microdrop-
lets will drive the negative charges transfer from the large
microdroplet surface to the small microdroplet surface (SI Appendix,
Fig. S6B), which establishes an electric field pointing from the large
microdroplet surface to the small microdroplet surface, to com-
pensate for the energy difference between the two trajectories
(Fig. 50), analogizing to the electron transfer between two metals
with different work functions and formation of contact potential
difference between two different metals. When the two microdrop-
lets are completely separated by the ultrasonic wave, the positive
charges stay on the large microdroplet and the negative charges
stay on the surface of the small microdroplet, as observed in the
experiments. We noted that the charge ratio between the positive
and negative microdroplets is about 4:1, and the diameter ratio is
about 2:1, which means that the amount of charge carried by the
microdroplets is proportional to the surface area of spherical
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Fig. 5. The mechanism of asymmetric size-induced charge transfer between water microdroplets. (A) The schematic of the ultrasonic atomization. The band
diagram of two separating water microdroplets with different surface curvatures (B) before charge transfer and (C) after charge transfer. SP is surface potential
of the microdroplets, E ¢ is the vacuum energy level, AOP is the compensating potential generated by the transferred charges and F is the highest occupied

energy level in the surface states of DI water.

microdroplets. This observation supports our charge transfer
model, since the transferred charges are distributed on the surface
of the microdroplets (S Appendix, Fig. S6), so the amount of
charge carried by the microdroplet is proportional to the surface
area.

Although our interpretation is based on a hypothesis of depend-
ence of surface energy on the surface curvature of the drople, it
needs to be pointed out that the collision between gas molecules
and liquid surface during sonication may also result in charge trans-
fer. It may be possible that the tuned surface potential by curvature
may result in a reversion in charge transfer during collision. More
experiments are needed to nail down the mechanism.

Discussion

Since the amount of charge carried by microdroplets has been
measured, the electric field near the microdroplet surface can be
further calculated and its effect on the chemical reaction can be
evaluated. By using COMSOL simulation, the electric field
strength near the surface of the isolated microdroplet with 2.6-pm
diameter and carrying 2,000 ¢~ was calculated to be about ~10°
V/m, as shown in ST Appendix, Fig. S7A. Such an electric field is
unlikely to be strong enough to convert OH™ to OH* or promote
a reaction that forms OH*. However, according to the mechanism
described in Fig. 5, charge transfer occurs at the moment of sepa-
ration of two microdroplets, so the electric field generated at the
moment of separation needs to be considered. As shown in
SI Appendix, Fig. S7B, the electric field strength between the two
microdroplets at the moment of separation is calculated to be ~10”
V/m, which is strong enough to convert OH™ to OH*. These results
suggest that the spontaneous generation of H,0, in the ultrasonic
atomization case occurs during the separation of two micrometer-
sized water droplets. In addition to the spontaneous generation of
H,O,, our observation has general implications for microdroplet
chemistry. The CE between identical water microdroplets may be
one of the driving forces for the acceleration of reaction rates, since
both the CE-induced electric field and the charge will shift the
redox potential at the water—air interface (29-31, 52). Moreover,
the size-dependent charge transfer between microdroplets gives a
new perspective to understand the size-dependent chemical
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reaction rates in microdroplet chemistry (38, 53). According to the
geometry, smaller droplets generally have a larger curvature differ-
ence between them, resulting in a larger charge transfer and larger
redox potential shift, further inducing a greater change in chemical
reaction rate.

Lastly, if the difference in microdroplet size can induce the
oxidation of OH™ to OH*, it seems to mean that the smaller
microdroplets in the nebulized systems are truly a remarkable
oxidant, at least capable of oxidizing aromatics like benzene.
However, the strong electric field is only present at the moment
of microdroplet separation according to our simulation, which
means that an isolated microdroplet does not have strong oxida-
tion. In addition, it was reported that the unbalanced excess of
OH™ will reduce the HO*/OH™ redox potential at the liquid—gas
interface (54), implying that the small microdroplet does not need
to be a strong oxidant to oxidize OH". That is why we cannot
observe the strong oxidation of microdroplets in the nebulized
system.

In conclusion, a method for measuring the amount of charge
carried by the fog water microdroplets was proposed based on
the balance of electrostatic and drag forces. It was found that
there are both positive and negative microdroplets generated by
ultrasonic atomization. By measuring the diameter distribution
of the microdroplets, it turned out that the diameter of the pos-
itive microdroplets is usually larger than that of the negative
microdroplets, which implied that the negative charges transfer
from large microdroplets to small microdroplets in the ultrasonic
atomization. A model analogous to the contact electron transfer
between different metals was proposed for the charging of
microdroplets, in which the curvature-induced surface potential
differences are suggested to be responsible for the charge transfer
between microdroplets. The results show that the electric field
strength between two microdroplets with opposite charges during
separation reached ~10° V/m, which is strong enough to convert
OH™ to OH*, further generating H,O,. The findings provide
experimental evidence for the CE-induced spontaneous genera-
tion of H,O, in microdroplets and also have implications in the
sonochemistry, microdroplet chemistry and chemical engineer-
ing, etc., in which the liquid microdroplets are involved in the
chemical reactions.
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Materials and Methods

Materials. The PTFE layers of 100 nm were deposited on high-doped Sl by mag-
netron sputtering under room temperature, and the DI water with a resistivity of
18.2 MQ-cm was produced by a deionizer (HHitech, China).

Calculation of Terminal Velocity. The terminal velocity of microdroplets was
obtained by dividing the traveling distance by time. Some calculation details
need to be clarified. The traveling distance and traveling time of the microdroplets
were extracted from the movies at the beginning of the application of the electric
field to avoid the effects of turbulence. SI Appendix, Fig. S8 gives two examples
of terminal velocity calculation (terminal velocity of microdroplets generated by
2.4 MHz, under 200 kV/m and 300 kV/m). It is shown that within a few hundred
milliseconds after the application of the electric field, the microdroplets did not
reach the metal plate, and no obvious turbulence is generated. The traveling
distance and traveling time of the microdroplets can be obtained, and then the
terminal velocity can be calculated.

AFM Experiments. The surface potential experiments were performed on a
commercial AFM equipment Dimension Icon (Bruker, USA) in a glove box filled
with nitrogen. SCM-PIT (Bruker, USA; tip radius 25 nm) was used as the Pt-coated
tip in the charging experiments and surface potential measurement. The surface
potential of the PTFE sample was measured by using KPFM mode, in which the
topography of the sample was measured by tapping mode in the first pass, and
the surface potential was measured in the second pass. In the KPFM mode, the lift
heightin the second pass was 50 nm and the amplitude setpoint was setto 350 mV.
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