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Triboelectric nanogenerator (TENG) provides an effective approach for studying transferred charges at solid-
solid or liquid-solid interfaces. Here, by dripping a liquid droplet through an immiscible organic solution
(transformer oil), we used single-electrode mode TENG to measure the transferred charges on the liquid droplet
once it goes down in the solution. The falling droplets (with volume of 25 pL) can generate negative charges on
its surface and the output charges amount can reach — 5.3pC by passing through the transformer oil. In addition,

we found that both the pH value and the electrostatic shielding effect of free ions greatly hinder the electron
transfer efficiency at L-L contact electrification. Combining the experimental results and previous research, we
infer that there are both ion transfer and electron transfer happening in the L-L electrification.

1. Introduction

Since triboelectric nanogenerator (TENG) was proposed by Wang
et al. in 2012, it has gradually become a hot research field because of its
cost-efficient energy collection capacity [1-4]. The working principle of
TENG is based on the coupling effect of contact electrification and
electrostatic induction. The displacement current of Maxwell equation
caused by relative displacement of different contact surfaces due to the
action of external mechanical force is the main reason for the output of
external current. Based on the coupling effect of contact electrification
(CE) and electrostatic induction, TENG is a novel technology used to
collect micro-nano energies in the natural environment. So far, due to
the universality of contact electrification, TENGs can harvest many
kinds of mechanical energy generated by CE between various material
interfaces, including solid-solid (S-S) interface [5-10], solid-liquid (S-L)
interface [11-13], and even liquid-liquid (L-L)/gas(G) interface
[14-16]. After continuous development, S-S and S-L TENG has shown
excellent performance in the area of micro-nano energy harvesting,
human-computer interaction, sensor, pollutant cleaning and so on [6-8,
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17-19]. Although a large amount of development has been carried out
based on TENG and related applications, there are few related re-
searches on energy harvesting of the L-L interface in contrast to S-S
TENG and S-L TENG [20-29], the working mechanism of L-L TENG is
still not fully revealed. Meanwhile, due to ion adsorption and molecular
thermal motions [30-33], it is quite difficult to achieve complete sep-
aration between two liquids and thus, more efforts should be devoted to
the study of the energy collection on L-L interface.

In order to achieve effective separation at the L-L interface, Chen
et al. developed a highly durable liquid membrane to collect energy
from liquid droplets, and Wang et al. applied super-lubricating interface
to realize energy harvesting from L-L interface [14,15]. Recently, Wang
et al. also successfully realized triboelectric charge collection between
liquid and liquid by using the super affinity of lubricant oil and PTFE
membrane. However, in their experiments, the thickness of the liquid
interface is only 2 pm, which is difficult to completely avoid the influ-
ence of the PTFE film during L-L CE [15]. In addition, Jiang et al. suc-
cessfully detected the charge signal at the oil/water interface by using
single-electrode L-S TENG [16], but they did not quantify the L-L CE
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charge and study the influence factors.

Here, we designed an experimental system with strong immunity to
environmental electromagnetic interference, which can help to clarify
the electrification process between liquid droplets and transformer oil.
In this system, deionized (DI) water droplets are dripped freely and
continuously into transformer oil, while a TENG with single electrode
mode is placed at the bottom of oil. Thus, a complete L-L. CE energy
collection system is realized. Based on this system, we have clarified
several important issues. Firstly, during the droplet falling, the charges
on the surface of the droplet can gradually accumulates and output
charge of — 5.3pC can be obtained from our L-L TENG. Secondly, the key
parameter for this electrification is the relative falling speed of droplet,
which can decide the separation process between droplet and the sur-
rounding transformer oil. Meanwhile, due to the internal circulation of
transformer oil, the total amount of transferred charges on the droplet
surface finally reaches saturation. In addition, we also studied the in-
fluence of solute and pH value on L-L CE, and the results show that there
is also electrostatic shielding phenomenon, where OH™ or H' ions play
an important role in L-L CE. Finally, based on experimental measure-
ment and theoretical derivation, the charge transfer mechanism of the L-
L interface and a simple electric double layer (EDL) model are proposed.

2. Results and discussions
2.1. The structure of L-L triboelectric nanogenerator

Fig. 1a shows a dynamic CE process between DI water droplets and
transformer oil (25#). To keep the DI water droplets’ sliding channel in
oil remaining stable, an adjustable high-precision stepper motor is used
to push DI water droplets into the oil at a steady speed. At the same time,
with the protection of electrostatic shielding of the Faraday cage, all
environmental noise interference from outside is greatly reduced in the
process of CE, with noise signal of only a few pA when the system is in
stable state. The photograph of this experimental apparatus is shown in
Fig. S1. Furthermore, in order to reduce the effects of material and shape
of the container on the internal circulation of the transformer oil, a big
cylindrical dish made of crystallized glass is used as the container for
transformer oil. In addition, a needle-shaped copper electrode is placed
near the bottom of the oil, and the output electrical signal of L-L CE can
be exported through a shielded wire connected with the copper elec-
trode. Due to the small size of needle-shaped copper electrode and the
shielded wire, the internal movement of the transformer oil can be
hardly affected. The low molecular weight of transformer oil and its
immiscibility with water make it easy to repeat CE progress in liquid
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phase, while the insulation characteristics of transformer oil allows us to
directly connect the external shielded wire to the transformer oil to
measure the output signal of water-oil contact electrification. Relying on
the gravity (the molecular weight of transformer oil is 0.895) , the CE
between falling DI water droplets and transformer oil proceeds auton-
omously without any interference from other charged objects. Specif-
ically, the CE process is started and tested fully inside the oil, which is
quite different from previous L-L TENGs’ method for harvesting me-
chanical energy [5-10]. Hence, the charges on liquid droplets’ surface
generated by CE between transformer oil and DI water can be clearly
analyzed based on this system.

The stability of the droplets’ sliding channel ( i.e. CE channel in the
oil liquid ) is a critical factor for systematical study on the influence of
contact area, displacement distance, solute and liquid temperature on L-
L CE process. To control the stability of the electrification process be-
tween liquid droplets and transformer oil, we use a liquid droplet
squeezing method for this experiment, as shown in Supporting Fig. S1. A
grounded needle that serves as the electrode for TENG is fixed on a
vertical linear motor, and the distance between liquid droplets and
transformer oil surface can be precisely controlled by a lifting platform
and all liquid droplets will slide off at a fixed height into the transform
oil surface. As liquid droplets continuously fall at a certain speed, a
symmetrical circulation happens in the transformer oil solution near the
droplet sliding channel (Fig. 1b and Supporting Video 1). Fig. 1b illus-
trates a set of photographs showing the dynamic internal circulation
process of the transformer oil. Here, the driving force for the formation
of internal circulation comes from the frictional force (or viscous force)
between falling liquid droplets and the transformer oil solution.
Accordingly, the relative speed between droplet and surrounding oil is
the key parameter. Obviously, when the relative velocity is infinitely
close to 0, the frictional motion between droplet and transformer oil
cannot happen. Therefore, by controlling the sliding velocity of the
droplets, the relative displacement distance between the liquid-liquid
interface can be effectively controlled. In the process of internal circu-
lation, the speed of internal circulation is gradually reduced along with
the radial direction from the sliding channel, and the pristine trans-
former oil in position far enough hardly participate. Thus, the influence
of the container on the electrification process is further excluded. Due to
the obvious speed difference between DI water droplets and transformer
oil surrounding the sliding channel, all DI water droplets continuously
contact with pristine transformer oil during falling process, and the oil
that has been in contact with DI water droplets continues to be left
behind. According to previous research [30-32], DI water droplets are
negatively charged when oil and water are in contact, which is
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Fig. 1. a) The dynamic liquid-liquid contact electrification process and experimental method for measuring the amounts of charges on the DI water droplet. b) A set

of photographs showing the internal circulation process of falling droplets.
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consistent with our experimental results. As L-L. CE process continues,
charges on liquid droplet’ surface reach a maximum at a certain position
during the sliding process. When a liquid droplet touch with the copper
electrode, the amounts of charges on the liquid droplet’ surface can be
extracted to the external circuit and be measured with Keithley 6517B.
Although fresh uncontacted oil solution is constantly added to the in-
ternal circulation, due to the law of charge conservation, the charges of
the droplet’ surface will reach a saturation state when enough L-L CEs
occur. Hence, the stability of liquid droplets’ sliding channel and the
saturation state of triboelectricity may be key factors to study the
mechanism of L-L CE. In our research, the same experiment was redone
by employing dozens of fresh transformer oil, and only the charges
generated from the first three contacted transformer oil was recorded for
data analysis.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106191.

2.2. Electrical output of L-L CE

To study the mechanism of CE between DI water droplets and
transformer oil, the amounts of charges contained in droplets falling
from different heights after contacting with transformer oil is measured,
as shown in the Fig. 2, and the corresponding output current is shown in
Supporting Fig. S2. As shown in the Figs. 2 and S2, the amounts of output
charges can reach about — 5.3pC under a very short friction distance. In
this set of experiments, the volume of all DI water droplets is kept to be
25 pL and released from heights (Defined as h) of 0 mm, 10 mm and
20 mm from the oil surface, respectively. Through force analysis, ac-
cording to Newton’s second law and the velocity formula, the velocity of
the liquid droplet is calculated as V= 0, 0.445, 0.629, 0.770 m/s.

As introduced above, falling droplets of different heights have
significantly different velocity when they reach oil surface. Fig. S3
shows a series of photographs illustrating that the fluctuations caused by
droplets from different falling heights are significantly different, and the
fluctuations become more obvious as falling velocity increases. The
related current output of one droplet induced on TENG electrode is
shown in Fig. 2a. When the falling height h = 0 mm, there is almost no
fluctuation when the droplet passes through the oil surface. However,
when the falling height reach 30 mm, the droplet will deform and split
significantly due to the excessive momentum of the droplet. Therefore,
the highest position of the droplets falling is about 20 mm in this
experiment. During the sliding, the CE between DI water droplet and
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transformer oil leads to charge accumulation on the droplet surface.

In many cases, water usually loses electrons when it contacts with
other objects. However, in Fig. 2a we can clearly see that the DI water
droplets that have been in contact with transformer oil carry negative
charges, which is a phenomenon worth discussing regarding the mech-
anism of CE in L-L. Meanwhile, the contact and separation of water
droplet with Cu electrode leads to an alternative current signal, which
characterize the charges transferred once the droplet contacts the elec-
trode and leave the electrode. Fig. S4 shows the transfer process of
charges between droplet and electrode. The transformer oil around the
electrode has a very small amounts of negative charges because Cu
usually loses electrons (Fig. S4a). The droplets continuously accumulate
large amounts of negative charges in falling progress (Fig. S4b) and
when the droplet contacts with the electrode, these negative charges are
transferred to external circuit through the needle electrode. Hence, as
can be seen in Fig. 2a, the negative current signal is stronger than the
positive one. At the same time, when the droplet contacts with the
electrode, the negative charges attached to the electrode move around
due to motion of oil liquid (Fig. S4c). After the droplet separates from the
electrode, the transformer oil reassembles around the electrode and
results in another current signal (Fig. S4d). The charge exchange be-
tween droplet and electrode causes unbalance between the positive and
negative current peaks. Therefore, the difference between the positive
and negative peaks is the output current on the surface of the droplet.
From the data comparison in Fig. 2a, we can clearly see that the output
current increases with the increase of falling height. And the increase of
output current is uniform when the drop height h is 0 mm,10 mm,
20 mm. As can be seen from the inset in Fig. 2a, the fluctuations caused
by falling droplets of different falling heights have a significant impact
on the output current. In order to clarify the increasing effect of different
speeds on the output current, we record the output current of 5 cycles to
obtain the value of both positive and negative charges, as shown in
Fig. 2b, ¢, d, respectively. The difference between positive and the
negative charge is assumed to be the output charge carried by the
droplet. Here, the positive charge is defined as Q;, and the negative
charge is defined as Qy, while the output charge from the droplet to the
electrode is AQ = |Qq| - |Qz|. It is important to note that the output
charge is proportional to the charge induced by L-L CE on the droplet,
while it may also be influenced by the original charges carried on the
droplet. As the falling height increases, the output charge accumulated
on the surface of DI water droplets increases.

In fluid mechanics, the viscous resistance f « v of the spherical object
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moving in the liquid. The faster the speed, the greater the viscous force the negative output current of every droplet, as shown in Fig. 3b.
between the liquid droplets and the transformer oil, resulting in a faster Simultaneously fit the difference between positive charge (Q;) and
replenishment of the uncontacted transformer oil near the sliding negative charge (Qo), as shown in Fig. 3c. It can be seen from the fitting
channel. Therefore, the faster the droplet velocity, the later the atten- result that as the times of CE increases, the decay rate of the output
uation of the output current at the initial stage will appear. Under the charges(AQ) gradually slows down, which is similar to a negative
combined action of viscous resistance, buoyancy and gravity, the ve- exponential function curve. From Supporting Video 1, we believe that
locity of the droplet in the transformer oil eventually reached a stable the reason for this phenomenon is that during the internal circulation of
value. Therefore, the relative displacement between the droplet and the oil solution, the circulation speed of the transformer oil near the sliding
transformer oil interface fundamentally depends on the deceleration channel at the initial stage is slow, thus the replenishment speed of new
process of the droplet in the transformer oil. In this group of experi- transformer oil around it is slow. At the middle stage, the circulation
ments, the average value of the AQ in the first 5 cycles is compared, as speed increases, and the replenishment speed of brand-new oil also in-
shown in Fig. 2e. It can be clearly seen that the amounts of AQ rapidly creases, but the proportion of the contacted oil that has been contacted
increase with the increase of sliding speed (the initial speed of the near the circulation sliding channel is still high. At this time, the total
droplets entering the water increases). amount of available charge positions in the mixed oil solution near the

sliding channel is still lower than the initial stage, so the decay rate of
2.3. Saturation effects of the L-L CE the output charge is reduced, and the total amount of available charge

positions is still lower than the initial stage. For the final stage, as the
times of CE increases, all the oil solution in the internal circulation area
is contacted, and the available charge positions of the transformer oil
solution in the internal circulation area are completely filled. At this
time, the output charge transfer between DI water droplet surface and
transformer oil maintain equilibrium and enters saturation. It is worth
noting that because the L-L CE only has a small amount of electricity and
is quite easily affected by small disturbance, the output current and
saturation current of each set of experiments are unstable. However, the
output charge quantity after data processing is relatively stable, so the
change of the output charge quantity can accurately reflect the changing
trend.

Furthermore, in order to further analyze the dominating parameters
for this system, we change the volume of DI water droplets. As shown in
Fig. S5, by adjusting the size of the needle tube to obtain droplets in
different volumes. Here, we use DI water droplets of 60 pL, 35 pL, 25 pL,
and the corresponding surface areas are 0.74 cm? 0.52 cm? and
0.41 cm?, respectively. In this group of experiments, the depth of the
transformer oil solution is kept as 40 mm. Through enough cycles of CE,
the integral and fitting results of the output current of CE between oil

As the droplets’ falling height increases, the impact of liquid surface
fluctuations on the output current is more obvious, which can be seen in
Figs. 2a and S2. In order to eliminate the fluctuation of the liquid surface
and the influence of air on the charges of the droplet itself, the falling
height h of all droplets in the following experiment is set to be 0 mm. We
increase the droplet falling frequency from about 1 time/s to 1.7 times/s
to ensure that the internal circulation of the transformer oil can occur
continuously. At the same time, we increased the circulation times of DI
water droplets, and obtained the changing trend of output current from
water-oil contact electrification, as shown in Fig. 3a. As circulation
times of falling DI water droplets increases, the output current gradually
decreases. When the amounts of output charges reach a saturated state,
the output current tends to stabilize. In Fig. 3a, we can clearly see that
after 290 s, the output current continues to attenuate and finally reaches
a saturated state. The actual process of contact electrification between
transformer oil and DI water droplets is the stage where the output
current gradually decreases, which we define as the actual tribo-
electrification. In order to better study the changing trend of the
amounts of output charges, we use Origin to integrate the positive and
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and water droplets in different volume can be obtained showed in
Fig. S6. As we explained in Fig. 2, in order to calculate the actual charges
on the droplet induced by L-L CE, we need remove the original charges
on the droplet. Here, we define a parameter of transferred charges from
the oil to droplet (Aq), which is the difference between the output
charge and AQ in saturated state (AQsatyrated)- Therefore , the trans-
ferred charge Aq = AQ-A Qgaturated is shown in Fig. 3¢. By comparing the
change trend of q, the charge interference from the syringe and the
needle can be avoided. According to the same data processing method in
Fig. 3a—c, the fitting curve of transferred charges from the oil to droplet
( Aq ) for different contact areas is shown in Fig. 3d. As the contact area
increases, the amounts of transferred charges accumulated on DI water
droplet surface decrease accordingly. The transferred charges accumu-
lated on the surface of 60 pL droplet only reach a peak value of about
— 2.1pC, and decays faster than that of 35 pL and 25 pL droplet. The
reason is that the larger contact area leads to an increase in the viscous
force between the droplet and the transformer oil, which increases the
internal circulation speed of the transformer oil and thus reduces the
relative friction distance between the droplet and the transformer oil.
Fig. 3e shows the average value for 10 cycles of the transferred charges
(Aq) at the initial stage, which is defined as (AQinitiai = AQinitial-
AQsaturated)> Where the AQinitial is the AQ at the initial stage and the
AQgaturated 1S the AQ at saturated stage. Fig. 3f illustrates the output
charge at saturated stage (AQsaturated)- AS the contact area decreases, the
transferred charges at initial stage (AQinitia) increase but the AQsaturated
at saturated stage decrease. Hence, in this experiment, a small contact
area is beneficial to increase the amounts of the transferred charges and
reduce interference. It should be noted that large droplet also causes
slight fluctuation in the transformer oil surface as a result of gravity, but
it has no effect on the total amount of transferred charges. Finally, 25 pL
is the most ideal droplet volume for this experiment.

2.4. Effects of solutes, liquid pH value and temperature on the L-L CE

In order to further explore the influence of ions concentration on the
CE of L-L interface, the transferred charge between transformer oil and
different aqueous solutions such as NaCl, HCl and NaOH is studied.
Using the same experimental steps as study the contact area, the integral
and fitting results of the output current is measured as shown in Fig. S7,
and the fitting result of transferred charges (Aq) on different solution
droplet is shown in Fig. 4a, b (the measurement method is shown in
Fig. 1a, and the data processing method is same as Fig. 3a—c.) First of all,
the droplet volume of all experiments is kept at 25 L, and falling height
h = 0 mm. Fig. 4a shows the transferred charges on the surface of NaCl

a
-5 35
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droplets in different concentrations after contacting with transformer
oil. When the concentration of NaCl solution is 0.001 M, the amounts of
transferred charges is slightly higher than that on the surface of DI water
droplets. However, when the concentration of NaCl solution is 1 M, the
amounts of transferred charges decrease obviously. The comparison of
the transferred charges on the droplet surface of 0.001 M and 1 M NaCl
solution and DI water for 10 cycles in the initial stage is shown in Fig. 4d.
When the concentration of NaCl solution is 0.001 M, the transferred
charges on the droplet surface are the maximum, while when the con-
centration of NaCl solution increases to 1 M, the transferred charges on
the surface of NaCl droplet decreases obviously. Fig. 4b separately ex-
hibits the changing trend of the transferred charges of 0.001 M HCI and
NaOH solution after contacting with transformer oil, and the compari-
son of transferred charges on the surface of the droplet for 10 cycles in
the initial stage is shown in Fig. 4e. It can be seen that the transferred
charges decrease obviously with the increase of the concentration of HCI
and NaOH in the droplets. If we consider the Wang’s transition model
with both electrons transfer and ion absorption effect on the L-L inter-
face, the increase of ion concentration may suppress the electron
transfer on the L-L interface, which is due to the electrostatic shielding of
high concentration of free ions. These results are in good agreements
with Wang’s model. It is also very interesting to find that the transferred
charges slightly increase with NaCl solution of 0.001 M. We have found
the similar effect in L-S electrification. Here, the slight increase of the
transferred charges in NaCl solution of 0.001 M is possibly due to the
enhancement of ion transfer process, which means the absorption of Na*
ion is possible on this L-L interface. However, the similar absorption
effect is not observed in NaOH solution, which should be attributed to
the interference of high mobility OH" ion. At the same time, when the
concentration of the NaCl solution reaches 1 M, the electrostatic
shielding effect of the high concentration of free ions inhibits the elec-
tron transfer process between the liquid-liquid interface, resulting in a
decrease in the amount of transferred charge.

Compared with solids, the distance between liquid molecules is
larger, the effect of temperature on the thermal motion of liquid mole-
cules is more obvious, and the integral and fitting result of the output
current by L-L CE is shown in Supporting Fig. S8. Fig. 4c shows the
variation trend of transferred charges on droplet surface at different
temperatures. It is worth noting that the transformer oil used here is not
the same batch in previous experiment. Therefore, this group of exper-
imental data can’t be quantitatively compared with previous one, only
within this group. In Fig. 4c, it is shown that when the transformer oil
and droplets are at 300 K, the number of transferred charges on the
droplet surface is about — 1.7pC. However, when the transformer oil and

Fig. 4. a). Fitting curve of Aq in DI water, NaCl
solution with solution of 0.001 M and 1M
respectively. b). Fitting curve of Aq of NaOH
and HCl with droplet solution of 0.001 M,
respectively. ¢). Fitting curve of Aq at different
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droplets are both at 353 K, the number of transferred charges on droplet
surface increases to — 2pC. The main reason for this increase is that the
high temperature increases the energy of surface electrons, which causes
electrons more prone to transition. Compared with the average of
transferred charges for 10 cycles at the initial stage (Fig. 4f), the tem-
perature change of 50 K exacerbated electrons transfer efficiency at
water/oil interface.

According to the results, the L-L CE can be affected by the pH value of
the aqueous solution, the solute in the aqueous solution and the tem-
perature. The transformer oil used in our experiment is organic mineral
oil and does not contain any free ions. Combining the experimental re-
sults and the "Wang transition" model, we propose a new model of L-L. CE
and electric double layer (EDL) as shown in Fig. 5a. In the first step, the
droplets are in contact with the original transformer oil (see Fig. 5b-d).
The molecules and ions in the two liquid phases collide with the oil-
water interface due to thermal motion and the pressure of the sur-
rounding liquid (Fig. 5b). During the impact, both electron transitions
and ions reactions may occur on the transformer oil surface (Fig. 5¢).
Hence, there are both electrons and ions generated on the transformer
oil surface. Meanwhile, based on the results of pH testing, we believe
that electron transfer effect is much stronger than the adsorption of H"
on the oil/water interface. In the second step, the potential near the
interface attracts some negative ions in the aqueous solution to migrate
toward the interface by electrostatic interactions, thereby forming an
EDL at the interface (Fig. 5d). Furthermore, the electrons that transition
from the transformer oil molecules to the water molecules may not be
maintained at the interface, and the electrons combine with the water
molecules to form the hydrated electrons. Usually, the hydrated elec-
trons are extremely unstable and they may turn into OH- and H
(hydrogen radical) in a very short time [34,35], leading to the high
concentration of OH’ ions near the L-L interface.

3. Conclusion
In summary, we have established an L-L TENG by passing a liquid

droplet through an immiscible organic solution. Utilizing the effect of
gravity and the difference in molecular mass, the liquid droplet can

a Stern layer

[ Diffusiﬁn layer

Potential

oil
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‘move freely’ without the influence of external force, and a complete L-L
CE energy collection system is realized. The falling droplets (25 pL) can
generate a max output charge of — 5.3pC by passing through the
immiscible organic liquid of 40 mm and the water molecule is able to
capture electrons from oil molecule. In addition, the internal circulation
of oil is formed under the continuous impact of droplets falling as a
result of the existence of viscous force. The relative displacement be-
tween droplet and surrounding oil is the key parameter for generating
transferred charges and we can change this relative displacement dis-
tance by adjusting initial velocity of entering DI water droplets. With
continuous falling of the droplets, the amounts of transferred charges on
droplet surface gradually attenuates and finally reaches a saturated
state. The “Wang transition” model is employed to explain this L-L. CE
effect. By increasing H' ions in the droplet, the transferred charges of L-
L interface are decreased significantly, suggesting that the electron
transfer may be the dominating effect on the CE interface. In addition,
with the increase of temperature, the accumulated transferred charges at
L-L interface increases, which is quite different from the cases of solid-
solid electrification. The main reason for this phenomenon is attrib-
uted to the viscosity decrease caused by the high temperature. Finally,
combining experimental results and “two-step” theory, we predict the
EDL model of the L-L interface. This study reports several basic mech-
anism related to the L-L electrification and many interesting phenome-
nons, including the pH value effect and temperature effect, have been
clarified. The physical analysis and the experimental methods proposed
here can serve as the knowledge backup for the study of pure L-L TENG.

4. Experimental section
4.1. Sample preparation

Deionized water (HHitech, China) and 25# transformer oil (TOMA,
China) were selected as target targets. The density of 25# transformer
oil is 0.895 g/cm?®, which is the basis for the realization of autonomous
friction movement. The flash point can reach more than 410k, so that
the oil can maintain stable properties at 353 K.

H,0~ —» H+ OH~

@ Hydrogen ion @4 Hydroxide ion @ Hydrated electrons ‘ Electronic =+ Hole

Fig. 5. a). The structure model of oil-water interface EDL. b, ¢, d). Charge transfer process at the L-L interface and the formation of EDL.
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4.2. Measurements of the surface potential of liquid droplets

A linear motor was used to drive the needle to squeeze the liquid and
then the liquid droplets move autonomously through the transformer oil
(Supporting Fig. 1). The linear motor controlled a squeezing velocity of
8 mm/s '~16 mm/s ! and there was no dwell time in contact with the
Cu electrode. Therefore, the contact time of the liquid droplet with
electrode was within 0.1 s. Transformer oil was placed in a square metal
shielding cage to minimize electromagnetic interference (Supporting
Fig. 1). And the Cu electrode is connected by a shielded wire with
Keithley 6517B. The magnitude of current can reach as high as 60 pA.
Due to the insufficient accuracy of Keithley 6517B, the transfer charge
on the surface of droplet needs to be calculated using Origin for integral
calculation.

4.3. Method of integration and the nonlinear fitting using origin

The Signal processing, Peak analysis and Fitting module in Origin is
selected to process the measured current data. Using the FFT filter
function in Signal Processing module to remove the electromagnetic
interference of 50 Hz from the original current data shown in Supporting
Fig. 1. As shown in Fig. 4a, the Actual Triboelectrification curve shows a
very regular cycle, therefore we use the Integrate Peaks function in the
Peak Analysis module to integrate the current curve. At the same time,
the trend of negative charge conforms to the negative exponential curve,
so we use the formula ExpAssoc in the Nonlinear Fitting function of
Fitting module to fit the data of difference between positive and negative
charges obtained by integration (Fig. 4b).
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