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Quantifying Contact-Electrification Induced Charge Transfer
on a Liquid Droplet after Contacting with a Liquid or Solid

Zhen Tang, Shiquan Lin, and Zhong Lin Wang*

Contact electrification (CE) is a common physical phenomenon, and its
mechanisms for solid-solid and liquid—solid cases have been widely dis-
cussed. However, the studies about liquid—liquid CE are hindered by the lack
of proper techniques. Here, a contactless method is proposed for quantifying
the charges on a liquid droplet based on the combination of electric field and
acoustic field. The liquid droplet is suspended in an acoustic field, and an
electric field force is created on the droplet to balance the acoustic trap force.
The amount of charges on the droplet is thus calculated based on the equilib-
rium of forces. Further, the liquid—solid and liquid-liquid CE are both studied
by using the method, and the latter is focused. The behavior of negatively
precharged liquid droplet in the liquid-liquid CE is found to be different from
that of the positively precharged one. The results show that the silicone oil
droplet prefers to receive negative charges from a negatively charged aqueous
droplet rather than positive charges from a positively charged aqueous
droplet, which provides a strong evidence about the dominant role played by

on the solid surface can be further cal-
culated.”! Recently, Kelvin probe force
microscopy (KPFM) was also demon-
strated to be a powerful tool for studying
the solid-solid CEP! even liquid—solid
CE.™ The studies based on KPFM pro-
vide some important clues to reveal the
electron transfer mechanism of the CE.
In contrast, although some previous litera-
tures reported on the CE between liquid
and liquid, because majority of reports
measured the exchange charge at liquid—
liquid interface based on the electro-
chemical principles, the influence of the
reaction container on it cannot be ruled
out,’) physical method for probing the
charges of liquid droplet in the CE still
remains challenging, due to difficulty in

electron transfer in the liquid-liquid CE.

1. Introduction

Contact electrification (CE) is a widely-known physical pheno-
menon, but its mechanism has been discussed for decades
without a definitive conclusion. This may be due to the lack of
proper techniques to measure the charge transfer in CE, espe-
cially for the liquid-liquid cases. In traditional studies about
solid—solid CE, the static charges induced by CE on the solid
surface were usually measured based on electrostatic induction
effect.l! When a solid surface is contacted by another solid sur-
face, the transferred charges on the solid surface will induce an
electrical signal on the back electrode, and the charge density
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liquid-liquid separation and the fluidity
of the liquids. However, liquid-liquid CE
is an equally important physical pheno-
menon in both science and technology
as the solid-solid and liquid—solid CE. It was reported that
the triboelectric nanogenerator (TENG) can be designed based
on liquid-liquid CE for energy harvesting,l® which ignited an
interest in probing liquid-liquid CE. Therefore, it is urgent
and important to design a method to quantify the charges on a
liquid droplet and further to study the liquid-liquid CE.

A very famous experiment in the history of physics provides
an inspiration for quantifying charges of on liquid droplet. Mil-
likan levitated the charged oil droplets in the electric field and
determined the charge quantity of a single electron.”] It was
reported that acoustic levitation technology can levitate liquid
droplets, and further widely utilized to study areas include
manipulation of subject,’® chemical reaction,’) material anal-
ysis,1% etc. Except for liquid-liquid case, some studies using
acoustic levitation to study CE between solids and solids,!!
solids and liquids('? have been reported. We realized that the
liquid droplet can be suspended in air to avoid contacting with
solids and introducing extra charges!"®l in the CE experiments.
In this technique, a fixed-frequency wave is generated by
using ultrasonic transducers to forming a standing wave, and
traps a tiny liquid droplet at the wave node freely. Moreover,
the acoustic trap force on the droplet can be precisely calcu-
lated and experimentally calibrated. If the droplet is charged,
a force can be created on the droplet by applying an electric
field against the acoustic trap force. By calculating the acoustic
trap force, the electric field force on the droplet can be obtained
based on the equilibrium of force, and further calculating the
amount of charges on the liquid droplet.
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In this paper, we propose a contactless method for in situ
measuring the amount of charges on a liquid droplet based on
the combination electric field and acoustic field. The behavior
of charge transfers at the liquid-solid and the liquid-liquid
interface was systematically studied, and the relationship
between the evaporation of droplets and the residual charges
was also discussed based on the proposed method. It is noticed
that the oil droplet prefers to receive negative charges from a
prenegatively charged aqueous droplet, rather than positive
charges from a prepositively charged aqueous droplet, which
gives a potential clue about the existence of electron transfer in
the liquid-liquid CE.

2. Results

2.1. Working Mechanism of the Acoustic Levitation for Droplet
Charge Measurement

As shown in Figure 1a, an acoustic levitation device, which is
composed of 72 ultrasonic transducers, can generate standing
waves, and the droplets can be trapped at the wave nodes of the
acoustic field so that it is freely suspended without any contact
with the environmental objects. According to the location of
the ultrasonic transducers, the distribution of the sound pres-
sure in the acoustic field can be calculated based on previous
reports, as shown in Figure 1b. Further, the Gorkov poten-
tial (U)M! in the acoustic field can be also obtained, and the
acoustic field force is the negative gradient of the Gorkov poten-
tial, as shown below

F=-VU (1)

A pair of parallel plate electrodes are placed on the left- and
right-hand sides of the liquid droplet for generating an approxi-
mate uniform electric field. If the liquid droplet is charged,
an electric field force (F.) will be created on the liquid droplet.
According to the equilibrium of force, the electric field force
and the acoustic field force on the liquid droplet should be
equal in magnitude and opposite in direction, as following

Fe=-F, )

where F, is the component of the acoustic field force on the
droplet in the direction of the electric field, and the relation
between F, and the x-position of droplet with different dia-
meters in the acoustic field was calculated by using an open
sources software, and the results are shown in Figure Ilc.
Detailed description about the accuracy of the model and the
effects on reflection and nonlinearity were elaborated in pre-
vious works.[14316]

Figure 1d—f gives a schematic diagram of the liquid droplet
charge measurement. As shown in Figure 1le, the droplet will
be trapped in the center position of the acoustic field, when a
voltage is applied to the right-hand side electrode and the other
is grounded, an electric field will be established, as shown in
Figure 1d. If the droplet is positively charged in this case, the
droplet will move to the left-hand side dragging by the elec-
tric field force until it reaches a position, at which the electric
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field force and acoustic force reach equilibrium. The larger the
amount of positive charges, the larger the electric field force on
the liquid droplet will be, and the farther the droplet moves to
the left-hand. If the droplet is negatively charged, the droplet
will move to the right-hand side and reach an equilibrium posi-
tion eventually, as shown in Figure 1f. According to Figure 1c
and Equation (2), the acoustic force and electric field force
can be obtained by measuring the movement distance of the
droplet. Then, the charges of the liquid droplet can be calcu-
lated by using following equation

3)

where Q is the amount of charges on the liquid droplet, V is
the voltage applied on the right-hand side electrode, d is the
distance between the two electrodes, and E denotes the electric
field induced by the voltage.

We give a demonstration of the measurement method, in
which the movement of the liquid droplet is observed by using a
camera, as shown in Figure 1g—i, and the experiment processes
are shown in Movie S1 (Supporting Information). In Figure 1g,
a deionized water (DI water) droplet, which was positively pre-
charged by a metal ring with -5 kV voltage, was trapped in
the acoustic field. The detailed description about the process
of precharged water see method and (Figure S1, Supporting
Information). When +15 kV voltage was applied to the right-
hand side electrode, the positively charged DI water droplet
was dragged to the left-hand side. The distance between the two
electrodes was set to be 38 mm, and the movement distance of
the droplet was measured to be 1.2 mm by using the camera.
According to Figure 1c, the acoustic force was determined to
be 705 pN. Based on the Equations (2) and (3), the positive
charges on the DI water droplet in Figure 1g was calculated to
be 1788 pC. If there is no electric field between the two elec-
trodes, the droplet will stay at the center of the acoustic field, as
shown in Figure 1h. When the DI water droplet was negatively
precharged and a +15 kV voltage was applied to the right-side
electrode, as shown in Figure 1i, the droplet was attracted by
the right-hand side electrode. With the same method, the move-
ment of the negatively charged droplet was measured to be
0.7 mm, and the negative charges on the DI water droplet in
Figure 1i was calculated to be —10.72 pC. The resolution of the
camera used in the experiments is 0.1 mm, so that the sensi-
tivity of this method can minimal up to 1.55 pC, and it can be
further optimized by enhancing the electric field or changing
the acoustic waves. Comparing to traditional charge measure-
ment method, such as that based on electrostatic induction
effect, the acoustic levitation method can measure the trans-
ferred charges on the liquid side in the CE, with a basic charge
sensitivity (higher than 1.55 pC) and an almost noncontact
measurement environment. More importantly, the charge sen-
sitivity measured by this method exceeds the sensitivity of pre-
vious methods based on the velocity method!"”) and the droplet
trajectory method.® As shown in Figure S2 (Supporting Infor-
mation), the method in this article and the use of a Faraday cup
connected to an electrometer (Keithley 6517B) were also used
to measure the amount of charges of water droplets, which car-
ried positive or negative charges. The results show that the two
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Figure 1. Schematic illustration about the measurement method of charges on a freely suspended liquid droplet. a) Schematic diagram showing experi-
mental setup for directly measuring the quantity of charges carried by the droplet. b) Simulated distribution of acoustic pressure in the acoustic field.
c) The acoustic field force on the liquid droplet in x-direction. d—f) schematic diagram of the working principle. e) Charged droplet stably suspends
in position due to ambient acoustic force, when electric field is off. Attracted by the electrostatic force d) droplet with negative charges moves toward
to the positive plate and f) droplet with positive charges repelled toward the negative plate, when electric field is on. g-i) Photographs of the charge

measurement process (The red arrow represents the movement direction of droplets; the image of the shadow represents the original position of the
droplet). Scale bar: 2 mm.

methods have obtained the amount of charges are at the same  in Figure S2b (Supporting Information), the solid has same
charge level (Figure S2a, Supporting Information), in order to ~ amount of charges but opposite polarity as the water droplet.
further comparison, the amount of charges carried by the solid  The direction of the electric field may affect the test results, as
after contacting with the droplet was also measured. As shown  shown in Figure S3 (Supporting Information), by changing the
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direction of the electric field, the measurement results were
consistent. It demonstrates that the droplet is in the center
of the acoustic field and the parallel plate, and the change in
the amount of charge is not caused by the polarization of the
droplet. The results show that the method proposed in this
article possesses a good accuracy. In addition to the liquid—solid
and liquid-liquid CE, this method can also be used to study the
CE between liquid and gas, solid, and gas, etc. Considering the
superiority of this method, it is expected to be a new tool to
calibrate the triboelectric properties of liquid or solid materials.

2.2. CE between Liquid and Solid

In order to test the feasibility of the device and charge measure-
ment method, the acoustic levitation device was used to study
the CE charge transfer behaviors between solid spheres and
liquid droplets. Here, Polytetrafluoroethylene (PTFE), which
is widely used in TENG based on solid-liquid CE!! and has a
good stability and chemical inertness when facing strong acids
and bases, is chosen as the solid material. The liquid droplets
are from aqueous solutions of different ion concentrations.
Figure 2a illustrates the contact process between the PTFE
sphere and DI water droplet (Movie S2, Supporting Informa-
tion), in which a DI water droplet is suspended in the acoustic
field and a PTFE sphere contacts the DI water droplet then suc-
cessfully separates. The whole process for the measurement
of CE between liquid and solid is shown in Figure 2b; and
Movie S3 (Supporting Information). For a better comparison,
two DI water droplets were trapped in two wave nodes i). When
a +15 kV voltage was applied to the right-hand side electrode,
the two DI water droplets move to the right-hand side with a
small shift before contact with PTFE, which suggests that the
initial charges of the two DI water droplets were negative ii).
Then, we removed the voltage and contacted the upper DI water
droplet with the PTFE sphere for 4 times iii). After the contact
iv), the +15 kV voltage was reapplied to the right-hand side elec-
trode. In this case, the upper droplet, which was contacted by
the PTFE, shifted to left-hand side, while the other droplet still
went right-side under the electric field. This implies that the
upper droplet received positive charges after contacting with
the PTFE sphere, and the amount of the transferred charges
from the PTFE sphere to the DI water is calculated to be about
+10.7 pC. Fluorescent dye (Fluorescein sodium salt, aladdin)
added in the water were used to characterize the solid-liquid
separation process as shown in Movie S4 (Supporting Informa-
tion). No liquid remains on the solid surface, indicating that the
solid-liquid interface can be completely separated.

Further, the effect of the contact number was discussed.
As shown in Figure S4 (Supporting Information), the posi-
tive charges in the DI water droplets were found to increase
with the increasing of the number of contact cycles. In order
to increase the charge transfer, the contact number was set to
20 times in the following experiments. Different solid materials,
including PTFE, silicone rubber (Ecoflex00-30) and paraffin
were used to contact the DI water droplet, and the amount of
the transferred charges from the different solid materials to the
DI water droplets is shown in Figure S5 (Supporting Informa-
tion). It is noticed that the DI water droplet received highest
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positive charges when it contacted with the PTFE, because the
PTFE is one of the most electronegative materials here.l?% Dif:
ferent aqueous solutions were also used in the experiments and
the results are shown in Figure 2c-h. In Figure 2¢,d gives the
effect of the pH value on the CE between aqueous solutions
and PTFE. It is shown that the amount of charges transferred
at the solid-liquid interface increases as the concentration of
the HCI solution decreases; and also, with the concentration of
NaOH solution increases, the amount of transferred charge at
the solid-liquid interface decreases. Therefore, the decreasing of
transferred charges in the liquid-solid CE may be caused by the
increased ion concentration of the liquid droplet, as reported in
previous studies.?!l Therefore, different NaCl solutions with dif-
ferent concentration were used as the liquid droplet in the exper-
iments and the results are shown in Figure 2e, it can be seen
that the transferred charges from the PTFE sphere to the NaCl
solutions decrease with the increasing of the NaCl concentra-
tions. In order to further verify this tendency, Ecoflex was also
selected as a solid material to contact with droplets, as shown in
Figure 2f-h. The results are similar to the above experiment, in
which the increasing of ion concentration of the liquid droplet
will result in the decreasing of the transferred charges in liquid—
solid CE. The above experimental results are in good accordance
with the research results reported previously,?? the practica-
bility of the device and measurement method is further verified.

2.3. CE between Liquid and Liquid

In addition to the study of liquid—solid CE, the acoustic levi-
tation device can be used to study the CE between liquid and
liquid, which is a knotty problem in the study of the CE. As
shown in Figure 3a, silicone oil, which has a large range of vis-
cosities and lower the standing wave amplitude required,’?*l can
be trapped in the acoustic field just liking the DI water droplet
(i). Here, a DI water droplet was used to contact the silicone
oil droplet. As shown in Figure 3a(ii-viii) and Movie S5 (Sup-
porting Information),the silicone oil droplet and DI water
droplet seem to be separated well, since water and silicone oil
are immiscible.?¥ In order to further investigate the liquid-
liquid separation, the characteristics of the oil-water interface
have been studied. The measured surface tension of the oil-
water interface is shown in Table S1 (Supporting Information),
where ¥, is the interfacial tension between oil and air, ¥, is
the interfacial tension between water and air, and 7, is the
interfacial tension between water and oil. The schematic dia-
gram of the surface tension of the water—oil interface according
to the Neumann triangle condition is as shown Figure S6a
(Supporting Information). The calculated spreading coefficient
(Sow) is greater than 0, which means that when oil and water
contact, the oil will cloak the water.[””! In the optical picture
(Figure S6b, Supporting Information) and the fluorescence
schematic diagram (Figure S6¢c, Supporting Information), the
appearance of the oil ridges can be clearly observed, which
proves that the silicone oil will clock the water when the oil is in
contacting with the water droplets, and oil may form an invis-
ible layer covering the water droplet, so it may be possible that
oil droplets remain on the water droplets during liquid-liquid
separation. In order to better characterize the liquid-liquid
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Figure 2. Measuring CE between liquids and solids. a) Photographs of the contact-separation process between a DI water droplet and a solid PTFE.
b) Photographs of the whole CE experiments process between a DI water droplet and a solid PTFE. The transferred charges from the PTFE sphere to
the c¢) HCl solutions, d) NaOH solutions and e) NaCl solutions with different concentration. The transferred charges from Ecoflex sphere to the f) HCI
solutions, g) NaOH solutions, and h) NaCl solutions with different concentration. Direction of negative charge transfer is from liquids to solids. Error
bars represent the standard deviation of ten measurements. Scale bar: 2 mm.

separation, Fluorescein sodium salt and fluorophore Nile Red  only added in water (Movie S6, Supporting Information), only
were added to water and oil, respectively. The liquid-liquid  added in oil (Movie S7, Supporting Information) and added in
contact separation experiments under dark and bright lighting  oil and water (Movie S8, Supporting Information). Through the
conditions were performed. Different addition cases of fluores-  comparison of multiple movies, even at the oil-water interface
cent tracers were studied. For example, fluorescent dyes were  with fluorescent mark, no obvious invisible layer was observed.
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Figure 3. CE between silicone oil droplet and DI water droplet. a) Photographs of the contact and separation between a suspended silicone oil droplet
and a DI water droplet. b) The charges on a precharged silicone oil droplet before and after the contact with the DI water. c) The charges on a precharged

DI water droplet before and after the contact with the silicone oil. Scale bar: 2 mm.

Because the thickness of the invisible layer may be on the
nanometer scale,?! it is difficult to determine the existence of
the invisible layer, but the possibility of residues still cannot be
ruled out, so the real situation of liquid-liquid separation may
not appear at the oil-water interface. Instead, oil droplets may
separate from the invisible oil layer adsorbed on the droplets.
After the contact, the charges of the silicone oil droplet can be
quantified by applying an electric field as described above. We
found that the transferred charges between liquid and liquid
are much less than that between liquid and solid. As shown in
Figure S7 (Supporting Information), whether it is from water
to oil or oil to water, there is almost no charge transfer between
the electrically neutral silicone oil and the electrically neutral
water in CE. This may be caused by that the potential barrier
at the liquid-liquid interface for electron transition may be
higher than that at the solid—solid and liquid-solid interface,
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the transfer of charge lacks driving force to overcome the bar-
rier, due to a weaker electron clouds overlap between the two
atoms belong to the two liquid molecules.!?’]

In order to observe obvious charge transfer phenomenon
and explore the carrier of charge between liquid and liquid,
we purposely make droplets precharged by a biased metal ring
providing a lot of extra charges or a driving force to overcome
the potential barrier of between two liquids. Since free ions
always exist in water, it is difficult to distinguish the contribu-
tion of electrons and ions to charge transfer. However, the use
of ion-free oil can eliminate the effects of ions.??"l As shown in
Figure 3b, when an ion free silicone oil droplet is initially nega-
tively charged, the amount of charges of the silicone oil droplet
is only slightly reduced after contacting with a water droplet. On
the contrary, when the silicone oil droplet is positively charged,
most of the positive charges carried by silicone oil droplet are

© 2021 Wiley-VCH GmbH
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neutralized by the negative charges from DI water droplet
during the contact. The conventional notion is that the pref-
erential adsorption of hydroxide ions (OH™) neutralizes the
charges. But by first-principles calculations, a charge transfer
mechanism for nonhydroxide ions adsorption is proposed and
some spillage of electrons from the oil-water interface to the oil
phase is observed.?8] In order to completely exclude the possible
interference of the ions from water dissolved in the oil on the
charge transfer, the activated molecular sieve (3A) was used to
thoroughly dry the oil before the tests, as shown in Figure S8
(Supporting Information), and the results remained consistent
with the previous experiments, so the conclusion about the con-
tribution of the hydroxide to the negative charge transfer was
excluded. Further, three different oils were used to verify the
universality of the phenomenon, and the results are shown in
Figure S9 (Supporting Information), when all three kinds of
oil droplets were initially positively charged, the positive charge
of the droplets decrease dramatically after contacting with DI-
water droplets, while the charge remained almost unchanged
when oil were negatively charged. As mentioned above,
assuming that the oil and water separation is incomplete, water
droplet will take away a part of the oil. If the charge transfer is
caused by material transfer, no matter the oil droplets are posi-
tively or negatively charged, the charges on the oil droplets will
reduce significantly after contacting with water. Moreover, DI
water could absorb both positive ions and negative ions, if the
CE between the silicone oil and water was caused by ion adsorp-
tion, both the positive charges and negative charges could
transfer from the silicone oil side to the DI water side. But in the
experiments, when the oil droplets are negatively charged, the
amount of negative charges will not significantly reduce before
and after CE, but the positive charges will be greatly reduced.
The contribution of material transfer and ions transfer to the
charge transfer in I-L CE cannot support the above pheno-
menon. These results may indicate the existence of electron
transfer in the CE between liquid and liquid. The difference in
the behavior of positively and negatively charged oil droplet in
the CE between silicone oil and DI water could be explained
based on electron-cloud-potential-well model.l”72l When the sili-
cone oil droplet is negatively charged, the electrons are injected
to the unoccupied orbitals of the silicone oil molecules. How-
ever, the highest occupied energy level (HOEL) of the charged
silicone oil molecules still lower than that of the water mole-
cules, or the electron still cannot overcome the potential barrier
at the interface, therefore, no electron transfer from silicone
oil side to the water side. If the silicone oil droplet is positively
charged, the HOEL of silicone oil molecules will become lower
and the potential barrier for electron transfer from water side
to the silicone oil side will also become lower due to the elec-
tric field induced by the charges on the silicone oil surface.
Therefore, electrons will be transferred from water droplet to
silicone oil when it contacts with the DI water. The CE between
a precharged water droplet and silicone oil was also investigated
here, as shown in Figure 3c; and Movie S9 (Supporting Infor-
mation). It is found that the transferred charges from water to
the silicone oil side were limited, no matter the charges were
positive or negative. This is because that the change of the
HOEL of the water molecules induced by the extra charges is
rather small. But it can still be noticed that negative charges are
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much easier to transfer from DI water side to the silicone oil
side, which may also support the existence of electron transfer
in the CE between liquid and liquid (Figure 3c). Moreover,
under the same induced electric field, water droplets are more
easily to carry more positive charges compared to negative
charges. The difference in the surface energy states density and
HOEL of water, may be responsible for the phenomenon, when
only considering the electron transfer model.

To further investigate the effect of applying electric field on
liquid-liquid CE, as shown in Figure S10 (Supporting Informa-
tion), Under the condition of applying voltage, the experiment
of different charged types of oil droplets contacting with the
water droplets was repeated. No matter whether the direction of
the electric field is forward (Figure S8a-c, Supporting Informa-
tion) or reverse (Figure S8d-f, Supporting Information), after
contacting with the water droplet, the negative charge carried
by negative oil (Figure S8c,f, Supporting Information) or posi-
tive charged oil (Figure S8b,e, Supporting Information) droplets
always increases. Under applied electric field, the influence of
ions transfer on the experiment is not obvious. The reason why
for this situation is that the needle tip used to hang the droplet
is grounded, and the strong potential difference between the
needle tip and the electrode plate causes the electrons from the
ground to be injected into the oil droplets through the water.
Through the above experiments, it is difficult to judge the effect
of ions in deionized water on the charge transfer, so three solu-
tions were selected to measure the charge transfer under the
condition of applying an electric field during liquid-liquid CE
process, as shown in Figure S11 (Supporting Information).
No matter whether the direction of the applied electric field is
forward or reverse, after oil droplet being in contacting with
droplets from different solutions, similarly, oil will be more
negatively charged. But the difference is that the amount of
charge transfer in different solutions is different, which may be
related to the difference in migration of ions and electrons.

2.4. Effect of pH Value of the Aqueous Droplet on the CE
between Liquid and Liquid

The pH value of the aqueous solution was demonstrated can
affect the liquid-solid CE significantly.?” In order to further
explore whether there are similar phenomena at the liquid-
liquid interface, the CE between silicone oil droplet and aqueous
solutions with different pH values was studied based on the
acoustic levitation device. In the experiments, the precharged
HCI solution droplets and NaOH solution droplets with dif-
ferent pH value were suspended by the acoustic device. And the
charges of the aqueous droplets were measured before and after
the contact with the silicone oil droplets, as shown in Figure 4.
Figure 4a,b gives the results of the CE between the positively
charged aqueous droplets and silicone oil, and Figure 4c,d gives
that between negatively charged aqueous droplets and silicone
oil. Here, the initial charges of the aqueous droplets were dif-
ferent, so that we calculated the charge transfer efficiency (T)
for further analysis, which is defined as following
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silicone oil.

where the Q; and Q, denote the initial charges and the charges
on the aqueous droplet after the CE.

The charge transfer efficiency in the CE between silicone
oil and aqueous droplets are shown in Figure S12 (Supporting
Information). It can be seen that the charge transfer efficiency
in the CE between negatively charged aqueous droplets and sili-
cone oil is always higher than that between positively charged
droplet and silicone oil. This results also verify the asymmet-
rical behaviors of the positively precharged and negatively pre-
charged oil droplet in the liquid-liquid CE, which further sup-
ports that electron transfer is the dominant charge transfer in
liquid-liquid CE.

2.5. Charge Decay of the Aqueous Droplet During Evaporation

In addition to the CE between liquid-liquid CE, the acoustic
levitation devise can also be used to study the charge decay of
the liquid droplet as a function of time. In the experiments,
the aqueous droplets were first charged and suspended in
the acoustic field. Then, the volume and the movement dis-
tance of the droplet in the acoustic field were recorded for a
period time (0—6 min), as shown in Figure 5a,b, according to
the volume and the movement distance of the droplets, the
amount of charges of the droplets was calculated. The decay of
the positively charged charges on the DI water droplet is shown

Adv. Mater. 2021, 2102886

2102886 (8 of 11)

in Figure 5c,e. It turns out that the amount of charges on the
DI water droplet will decay with the evaporation, no matter it
is positive charges or negative charges, and both decay curves
conform to the exponential decay model. It is generally believed
that the main reason for the charge decay is that the dust parti-
cles in the air collide with the liquid droplets, which may neu-
tralize the charge.’% In addition, as the water evaporates, both
positive and negative charges will escape into the air from the
surface of the liquid along with water molecules.3!) Moreover,
there is no obvious difference of the decay tendency between
two charged types of droplets in the evaporation, but the rate
of decay of the positive charge in the droplet is slightly greater
than that of the negative charge. Different aqueous droplets
with two charged types were used in this experiment, and the
decay time was set to be 1.5 min, and the results are shown in
Figure 5d,f. The decay of the charges on the aqueous droplet
during evaporation is also observed, but the acid or base envi-
ronment of the solution does not seem to have a great effect on
the charge decay. To further investigate the effect of salt con-
centration on charge decay, as shown in Figure S13 (Supporting
Information), NaCl solutions of different concentrations were
naturally evaporated at room temperature. The results show
that, under the same induction voltage, the droplet with higher
salt concentration has more initial charges, and after 1.5 min of
evaporation, the droplet with higher concentration has a greater
change in the amount of charges.
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3. Conclusion

In summary, a contactless method for quantifying the charges
of the liquid droplets was designed based on the combina-
tion electric field and acoustic field. Both the liquid—solid and
liquid-liquid CE were studied by using the method. In the
liquid-solid CE, the transferred charges between the solid
spheres and the aqueous droplets were found to decrease with
the increasing of the ion concentration of the aqueous drop-
lets, which is consistent with previous studies. We focus on the
liquid-liquid CE and the CE between the silicone oil droplet
and different aqueous droplets, including DI water droplet,
NacCl droplet, HCI droplet, and NaOH droplet. It was found that
the amount of positive charges transfer from a prepositively
charged aqueous droplet to a silicone oil droplet is less than
that of negative charges transfer from a prenegatively charged
aqueous droplet to a silicone oil droplet. This phenomenon pro-
vides a strong evidence for the existing of electron transfer in
the liquid-liquid CE. Moreover, the contactless measurement
method was demonstrated to have more implications in the
studies of the charging behavior in the liquid droplets, such
as the decay of charges during the evaporation of the aqueous
droplets. It also provides significant support for guiding the
mechanism of TENG based on solid-liquid and liquid-liquid
interfaces.

4. Experimental Section

Preparations for Samples: PTFE ball was purchased from Alibaba, the
diameter of the ball is around 2.4-2.5 mm. Using extremely little glue to
adhere a metal wire with a length of 3 cm and a diameter of 0.5 mm as a
prop to the PTFE ball. All PTFE balls were cleaned with deionized water
and ethanol. Ecoflex was purchased from commercial market. First, the
ingredients A and B were poured into the container in a ratio of 1:1, the
clean PTFE ball are immersed in container, and then, the PTFE ball with
melted coated layer were pulled out, dried in a hot oven, and cooled to
room temperature. A certain thickness of Ecoflex film deposited on the
PTFE ball was achieved, and then it was cleaned by deionized water and
ethanol. The bulk of paraffin was put into a vessel and heated, and the
PTFE ball was immersed in the vessel when the paraffin was in liquid
state. Since the melting temperature of paraffin is 58 °C, a uniform
paraffin shell would naturally deposit on the cold PTFE surface. All of the
samples were air-drenched under an ion fan for 10 min to eliminate the
effect of surface charges on experiment.

Charging Process of Water Droplet: Using a clean microsyringe to
draw the liquid from the different solutions, a wire was connected to
the metal needle on the syringe, and connect the other end of this wire
to the positive pole of the high-voltage power source, and connecting
the negative pole of the power source to a hollow metal ring, Squeezing
droplets at a feed rate of 5 uL each time, due to adhesion force, the
droplet hangs on the tip of the needle, and droplet was placed close to
the metal ring, but not touch it. By controlling the output of the high-
voltage power supply, a corresponding amount of charge can be induced
on the droplet.

Experimental Setup for Acoustic Levitation Device: The system consists
of two parts: acoustic levitation part and electric field part. For acoustic
levitation setup, the 72 ultrasonic transducers (MA40S4S, 40 kHz, 10 mm
diameter) were divided into two groups, in which are arranged oppositely
in a circular mold with a curvature of 6 cm and a distance of 117 c¢m
from each other. Under 12 V input voltage, Arduino nano was used to
generate square wave signals and L298N Dual H-bridge motor drive was
to amplify the signals. When the transducer receives the square wave
signal, it can apply sound radiation force to the objects in the sound
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field. For electric field part, A pair of parallel plate capacitors are placed
in the direction perpendicular to the x-axis of the acoustic field. The two
ends of the parallel plate are, respectively, connected to the positive and
negative poles of the high-voltage power supply. Here, the right end is
defined as the positive pole. Parallel plate capacitors comprised of two
50 mm diameter copper plates, which provide a uniform electric field
in the central space of <8 mm?3 occupied by the droplets. The distance
between the two plates is 38 mm.

Measurement for the Charges of Suspended Droplet: Using a
microsyringe to suck liquid from different solutions, and slowly send the
liquid with a volume of 5 pL into the desired position in the sound field
each time. When the droplet is stably suspending in the sound field, a
high voltage of 15 kV was applied on both sides of the parallel plate, and
the distance the droplet moved toward the x-axis was recorded with a
high-speed camera. Before and after the CE, the electric field was used
to test the charge of the droplet, and charges difference between the two
tests was used to determine the amount of charge transferred, and the
influence of the initial charge of the droplet on the test was excluded.
The OpenCV image analysis program was used to find the centroid of
the droplet. The difference in displacement is determined based on the
distance between the centroid before and after the droplet moves. The
acoustic radiation force in the x-direction implement on the droplet at
the position was calculated by the simulation software, therefore, the
equilibrium relationship can be established to solve the corresponding
electric field force at this time, and further calculate the charge amount
of the droplet. The droplet size has been measured by pixel analysis from
high-speed camera picture (see Figure S14, Supporting Information).
The entire CE and measurement process are completed in a short time
to avoid experimental errors caused by droplet evaporation. Errors in the
measurements are mainly caused by oscillation of droplets after applied
electric field.

Measurement for the Charge of Solid-Liquid, Liquid—Liquid Interface:
For liquid—solid case, using a microinjection syringe to put the droplet
into the acoustic field, and using insulated tweezers to clamp the metal
rod, the small ball on that metal rod contacting with the suspended
droplet. For L-L case, use a large-caliber syringe to put the precharged
silicone oil (Aladdin, PMX200) drop into the acoustic field, and then use
another water droplet attached on the needle of the syringe to contact
the suspended oil drop, the needle with a water droplet is grounded.
Another situation Use a microinjection syringe to put the precharged
droplet into the acoustic field, A clean PTFE ball immersed dimethicone
oil, and move the ball from the oil, due to the high viscosity of the
dimethicone oil and strong adhesion, it will leave an oily film on the
surface of PTFE, and using oil ball to contact with suspended water.

Evaporation of Droplets: Using the charging method mentioned above,
0.5 kV positive voltage and 3 kV negative voltage was used to charge
droplets separately. Then put the droplet into the acoustic field, droplet
will evaporate naturally, Under the experiment condition of 27 °C and
relative humidity of 17%, electric field was used to detect the charge
of droplets, and the displacement of liquid droplets was recorded by a
high-speed camera. The device was placed in a Faraday cage made of
acrylic and covered with a copper mesh to eliminate the influence of air
flow and charged particles on the test.

Supporting Information

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