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ABSTRACT: The phenomenon of triboelectricity involves the
flow of charged species across an interface, but conclusively
establishing the nature of the charge transfer has proven
extremely difficult, especially for the liquid—solid cases. Herein,
we developed a self-powered droplet triboelectric nano-
generator (droplet-TENG) with spatially arranged electrodes
as a probe for measuring the charge transfer process between
liquid and solid interfaces. The information on the electric
signal on spatially arranged electrodes shows that the charge
transfer between droplets and the solid is an accumulation
process during the dropping and that the electron is the
dominant charge-transfer species. Such a droplet-TENG
showed a high sensitivity to the ratio of solvents in the mixed
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organic solution, and we postulated this is due to the possibility of generation of a hydrogen bond, affecting the electric signal
on the spatially arranged electrodes. This work demonstrated a chemical sensing application based on the self-powered droplet

triboelectric nanogenerator.
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INTRODUCTION

When two materials are brought into contact and then
separated, both of them become statically charged.”” One
surface develops a net positive charge, while the other acquires
a net negative charge. This phenomenon, termed contact- or
tribo-electrification,” ® is an old subject’ and has widespread
practical applications, such as a car static zip and the transfer of
inks in xerography;® it occurs not only between solid—solid
interfaces but also between liquid—solid interfaces.””'> Despite
our familiarity with the phenomenon, we are still without a
complete picture of its origin,"”'* especially for liquid—solid
interfaces.'® Controversy remains over the charge transfer
species (ion'” or/and electron'®™*" transfer) and how charge
transfers between liquids and solid surfaces.

In recent years, several studies have probed charge densities
and species at the liquid—solid interface with the droplet
triboelectric nanogenerator (droplet-TENG),”'~** which
harvest energy from the motion of dropping water. Such
water-driven droplet-TENGs have obvious advantages over the
traditional solid TENG, such as abundant resources, from
rivers to vast ocean waves.”* Moreover, it provides the great
opportunity to better study the origin of charge transfer
between solid and liquid interfaces. Most research focuses on
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the one-electrode droplet-TENG,**® which can be used to
probe the dynamic process of charge accumulation for liquid—
solid contact electrification in which multiple droplets contact
with, slide down, and then separate from a hydrophobic
polymer surface,”” for example, polytetrafluoroethylene
(PTFE). However, the use of only one metallic electrode
beneath the hydrophobic polymer surface would provide
limited information regarding the process of liquid—solid
contact electrification.”” For instance, failing to continuing
monitoring the charge-transfer rate across the entire footprint
of the water-dropping process. Some research works are
devoted to developing a droplet-TENG with more than one
metallic electrode; for example, the water droplet-TENG with
a hybrid of a grating electrode and a single-electrode™ can
identify the time interval for the liquid flow and the number of
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Figure 1. Experimental setup of droplet-TENG with spatially arranged electrodes. (a) Structure of the droplet-TENG: the bottom layer is a
PMMA plate (backboards), and the top layer is dielectric polymer film for contact electrification with liquid droplets; Cu electrodes are
located between PMMA and polymer film. (b) Working mechanism of the droplet-TENG. When a drop of liquid flows through the polymer
surface, the charge transfer between liquid and solid occurred, and the current signals were measured by the two Cu electrodes separately.
(c) Snapshots showing the motion of a water droplet sliding over the FEP film.

droplets. It is certain that such types of hybrid water droplet-
TENG with multiple parallel electrodes can greatly improve
the performance of TENG,””™* but it cannot analyze the
signal on each separate single electrode. Information on the
charge-transfer rate at different dropping times and on electric
signal difference between separated electrodes is at present not
accessible.

In this work, we have developed a simple self-powered
droplet-TENG with spatially arranged metallic electrodes. The
information on electric signal on spatially arranged electrodes
provides the chance to probe the charge transfer between
liquid and solid surfaces. This work provides evidence
indicating that the dominant charge-carrying species, account-
ing for statics between liquid and polymers, are electrons.
Further, such a droplet-TENG showed a high sensitivity to
chemical sensing, such as the different concentrations of
electrolytes in organic solution and the ratio of various
substances in a mixed organic solution. We postulated the
possibility of generation of hydrogen bonds affects the electric
signal on spatially arranged electrodes and thus affects charge
transfer. This study successfully validated the hypothesis that
the liquid droplet-TENG may present a liquid sensing strategy
for chemical sensor development.

RESULTS AND DISCUSSION

Figure la shows the fabrication of droplet-TENG, which
consists of three layers: the bottom layer is a poly(methyl
methacrylate) (PMMA) plate as the backboards, while the top
layer is dielectric polymer film for contact electrification with

liquid droplet, such as fluorinated ethylene propylene (FEP),
polytetrafluoroethylene (PTFE), kapton, and polyethylene
(PE). The spatially arranged copper electrodes are attached
between the polymer film and PMMA plate for electrostatic
induction. The water contact angles for these polymers are
shown in Figure S1, and all of them show a certain degree of
hydrophobicity. Thus, water droplets easily slip off the surface
of these inclined materials. Figure 1b shows the experimental
design, where a liquid droplet (30 uL per drop) was released
from a grounded stainless-steel needle (3 mm diameter) by a
syringe pump at a fixed height (0.8 cm) above the polymer
surface with a tilted angle. The two electrodes are probes for
charge transfer and thus chemical sensing, for example, the
ratio of solvents in a mixed organic. The movement of a water
droplet was recorded by a fast camera at the rate of 1000
frames per second in Figure lc. It shows the selected snapshots
of a water droplet sliding across the FEP surface at the tilted
angle @ of 60°. After the water droplet detaches from the
needle, it immediately contacts with the polymer surface. As
shown in Figure 1c, during the process of dropping, the water
droplet has been kept in contact with the polymer surface. The
water droplets drop in alternate shapes of stretching (f = 19
ms), contraction (f = 66 ms), and stretching (¢ = 126 ms).
Two spatially arranged copper electrodes connected to a
grounded electrometer measure the induced current obtained
from the interaction between the liquid droplet and the fresh
polymer surface (Figure 1b). The values of the current peak
and the induced charges for one liquid droplet upon contacting
and separating with the copper electrode position are denoted
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Figure 2. Working mechanism of the droplet-TENG with spatially arranged electrodes, electrode 1 and electrode 2. (a and b) A typical
current output profile of the droplet-TENG on electrode 1 and electrode 2 when a water droplet contacted and separated with FEP film with
Cu electrodes under it. j. and j; refer to the induced current, while Q. and Q, refer to the induced charge at the contacting or separating
process of one droplet, respectively. (c) Schematic illustration of the working principle of the droplet-TENG for sensing a droplet at two

electrodes.

as j, Q. and j, Q,, respectively. When the first droplet of water
starts to touch the FEP film with the copper electrode beneath
it, an induced current j. (—37 nA for electrode 1 and —192 nA
for electrode 2) was measured (Figure 2a,b); after the current
peak is integrated, the corresponding transferred charge Q.
(=0.1 nC for electrode 1 and —1.8 nc for electrode 2) was
calculated. Similarly, we can get the corresponding transferred
charge Q, (0.3 nC for electrode 1 and 0.5 nc for electrode 2)
when the droplet separated from the polymer surface with the
copper electrode beneath it. The difference between Q. and Q;
(IQ,l = 1Q.N1), here denoted as gq; (0.2 nC) for electrode 1 and
g, (1.3 nC) for electrode 2, indicate the transferred charges on
electrode 1 and electrode 2, respectively. Therefore, the
transferred charge (Aq) between electrode 1 and electrode 2
was obtained, which can be calculated from ¢, — q; (1.1 nC).
The physical meaning of Aq is the difference of the amount of
charge transfer between two different points in the process of
the water droplet falling from the FEP slope. Then the values
of the average charge density for the first water droplet on
electrode 1 (Ag;, nC cm™) and electrode 2 (As,, nC cm™)
were calculated from the droplet sliding track (A = 2 X 0.5
cm™?), that is, Ac = g/A. Here, Ao, is 2 uC m ™2, while Ao, is
13 uCm™

The working mechanism of the droplet-TENG with two
electrodes is proposed in Figure 2c. When the water droplet is
sliding on the FEP film, the electrons will flow from water
droplet to FEP film (because FEP has a strong affinity to
electrons®®), with the result being a positively charged water

droplet and a negatively charged FEP film (Figure 2c), while
the positively charged water was started from losing an
electron and becomes a cationic hole (H,O") in a quite short
lifetime (Figure $2).>* Then the H,O" cation joins with a
neighboring water molecule to yield an OH radical and H;0%,
according to the chemical reaction of the ionization of liquid
water: H,0* + H,0 — OH + H;0".”> The charges on the
water droplet continues to accumulate during the sliding on
the FEP surface. When the water droplet slides over the
position of electrode 1, the excess charge on the water droplet
leads to the induced charge on the copper electrode 1, while
after the water droplet separates from the position of electrode
1, the excess charge on the FEP surface leads to another
induced charge. This is similar when the water droplet slides
over the position of electrode 2, but as the water droplets fall,
charge on the water droplet continues to accumulate, probably
resulting in charge saturation on the water droplet when it
slides over electrode 2; the electrons would then transfer from
FEP to the water droplet, leading some induced negative
charges to stay on electrode 2.>” This is probably the reason for
a smaller current peak j; for electrode 2.

However, as the droplet number increase, the transferred
charges between the FEP surface and water droplet decrease
on both electrode 1 and electrode 2 (Figures 3a,b and S3).
This is because the charge saturation prevents the further
transfer of electrons between the FEP film and the water
droplet.”” Therefore, in our experiments, the first droplet of
liquid was used to avoid the charge saturation effect.
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Figure 3. Electricity generation performance of liquid droplets sliding over the dielectric polymer films. (a and b) Electricity generation
performance for electrode 1 and electrode 2 of FEP film contacted with hundreds of sequential water droplets. Transferred charge g
recorded by an electrometer. g = 11Q,| — IQ.Il. (c and d) The transferred charges on electrode 1 (g,) and 2 (q,) for water droplet sliding over
the FEP surface, as well as the transferred charge between two electrodes (Aq), at different dropping angle and different distance between
two electrodes. (e) The transferred charges of water droplet sliding over Kapton, PE, PTFE, and FEP. (f) The transferred charges of the
original FEP with different droplets: water, HCI (pH 3), NaOH (pH 13), and NaCl (0.5 M).

The relationship between the tilted angle 8 and the amount
of transferred charge has been studied. For water droplets
sliding on the hydrophobic materials, the dropping speed
generally increases with surface tilted angle @ as the increasing
of accelerated speed. Our data in Figure 3c quantify the
transferred charge by tribocharging between the FEP film and
the water droplet when the water droplet slides from electrode
1 to electrode 2 at different tilted angle (0) of 45°, 50°, 55°,
and 60°. The transferred charges on both electrode 1 and
electrode 2 scale in proportion to the tilted angle & (Figure 3c,
blue and orange dots). Further, the transferred charge from
electrode 1 to electrode 2 (Figure 3c, red dots), Aq, obviously
increases from 45° to 60°. We note that the contact area
between the water droplet and the FEP film has an impact on
the accumulation of transferred charges. From the selected
snapshots of a water droplet sliding across the FEP surface at
different tilted angles (Figure S4), the water droplets of
relatively smaller tilted angles (6 is 45°, 50°, or 55°) show only
a hemispherical stretched morphology when sliding across the
FEP surface with the slow sliding rate (Figure S4). However,

when the tilted angle 6 is 60° the sliding rate is faster
compared with that of smaller tilted angles, and the water
droplet drops in alternate shapes of stretching (t = 19 ms),
contraction (f = 66 ms), and stretching (f = 126 ms). We
propose these alternate shapes of the water droplet at 8 = 60°
increase the fresh contact area between the FEP film and the
water droplet, thus enhancing the electron transfer. The
distance between electrode 1 and electrode 2 was also
considered. When the distance between electrodes 1 and 2 is
relatively smaller, such as 3 or 6 cm, the transferred charges, q,
and g, on both electrodes are smaller (less than 0.7 nC)
compared with that when the length is 9 cm (approximately
1.5 nC) (Figure 3d). When the transferred charges, Aq = g, —
qy, between electrodes 1 and 2 of different sliding distances are
compared, what becomes apparent is that the transferred
charge scales with the sliding distance and accumulates as the
water droplet slides off the FEP surface. This phenomenon was
observed not only for the FEP film but also for many dielectric
polymers, such as polytetrafluoroethylene (PTFE), kapton, and
polyethylene (PE) (Figure 3e). FEP and PTFE have a stronger
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Figure 4. Sensing sensitivity of droplet-TENG to different organic solvents and concentration of ferrocene. (a) The transferred charges on
electrode 1 (g,) and 2 (gq,) for different organic droplets sliding over the FEP surface, including ethanol, acetone, hexane, THF, and benzene.
(b) The transferred charges on electrodes 1 (q;) and 2 (q,) of ethanol/ferrocene droplet sliding over the FEP surface, as well as the
transferred charge between two electrodes (Aq) as a function of the concentration of ferrocene.
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Figure 5. Sensing ability of droplet-TENG to the proportion of each solvent in the mixed organic solution. (a and b) The transferred charges
on electrode 1 (q,), electrode 2 (g,), and charge between two electrodes (Aq) of acetone/ethanol and acetone/benzene mixed droplets
sliding over the FEP surface, as a function of volume ratio of ethanol and benzene, respectively. (c) The electronic structures of acetone and
ethanol and the intermolecular hydrogen bond generation when ethanol is added into acetone. (d) The transferred charge between two
electrodes (Aq) for different droplets sliding over the FEP surface. Water, ethanol, and acetic acid with higher transferred charges enclosed

in a circle can form intermolecular hydrogen bonds.

affinity to electrons® compared with PE and kapton; therefore,
higher charge-transfer abilities were observed for FEP and
PTFE. This also supports the electron transfer between the
liquid—solid interface. Meanwhile, the acid, base, and salts with
ion-rich droplets (take as an example, HCl (pH 3), NaOH
(pH 13), and NaCl (0.5 M)) were also investigated as liquid
droplets sliding across the FEP film. As seen from Figure 3f
the DI water droplet yielded the highest transferred charges,
while the transferred charges between electrode 1 and 2 for the
droplet with abundant ions are all smaller compared with that

of DI water. We also performed this experiment on the PTFE
surface in Figure S5, and a similar trend was observed. The
decrease of the contact electrification charge amount with the
higher ion concentration can be attributed to the screen effect
of free ions. For water, the ultralow ion concentration cannot
fully support the ion transfer on the liquid—solid interface.
However, the droplets with abundant ions (HCl, NaOH, and
NaCl) lead to the excessive free ions in the droplets, which can
interfere with the electron-transfer process because of the
screen effect. Because the electron transfer dominates the
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generation of charges, the excessive ions lead to the
suppression of the charge amount. Different ions have different
effects on the amounts of transferred charges between liquid
and solid interfaces.”*® This reinforces that the electron
transfer is dominant in the case of contact electrification
between the liquid and a dielectric polymer interface.

To further confirm the electron transfer is dominant
between the liquid—solid interface, organic droplets without
any ions are also used in the experiments. The data in Figure
4a show evidence of the transferred charges generated between
electrode 1 and electrode 2 even when the organic droplets are
sliding across the FEP surface, for example, ethanol, acetone,
hexane, tetrahydrofuran (THF), and benzene, which further
highlights that electron transfer, instead of ion transfer, is
dominant between the liquid—solid interface. Moreover, with
the addition of ferrocene dissolved in the ethanol droplet, the
transferred charges between electrode 1 and electrode 2
decrease as the concentration of ferrocene increases (Figure
4b). The highest concentration was chosen according to the
solubility of the ferrocene in ethanol, and for comparison, a
pure ethanol droplet was also used. It was reported that when
there are more salt ions in an inorganic liquid, such as NaCl,
fewer charges are transferred at the interface between the salt
solution and a solid.”” However, the relationship between the
concentration of the organometallic compound with the
transferred charge upon contact electrification is never
revealed. Ferrocene is the most well-known organometallic’”
and is structurally characterized in Figure 4b as being like a
“sandwich”.”® The physical—chemical properties of ferrocene
and its derivatives lead themselves to application in a wide
range of fields, including catalysis, materials science, and
sensing, and it is an ideal internal standard in electro-
chemistry.” Thus, in our experiment we used ferrocene, the
widely used organometallic compound, and depending on the
decreasing of transferred charges between electrodes 1 and 2
when the ferrocene added into the ethanol droplet, we can
probe trace amounts of ferrocene in an organic solvent, such
as, 0.05 mg/mL in ethanol (Figure 4b), and this probe shows a
high sensitivity to ferrocene.

In order to evaluate the performance of a droplet-TENG-
based probe for the proportion of each solvent in the mixed
organic solution, the transferred charges between electrode 1
and electrode 2 for acetone droplets with different volume
ratio of ethanol and benzene were recorded separately (Figure
Sab). As shown in Figure Sa, as the volume ratio of ethanol in
the mixed solvent gradually increases (from 0% to 100%, note
here 0% is pure acetone and 100% is pure ethanol), the
amount of charge transferred between electrode 1 and
electrode 2 shows a very surprising trend: the transferred
charge reaches a maximum and then drops. When the volume
ratio of ethanol in the mixed solution is less than 25%, the
amount of transferred charges between electrode 1 and
electrode 2 increases significantly compared with pure acetone
and ethanol, but after that the transferred charge drops and is
close to the transferred charge of pure ethanol when the
ethanol volume ratio is up to 90% (Figure Sa). However, when
benzene is added to acetone, there was no maximum peak
observed. In contrast, as the volume ratio of benzene in the
mixed solvent increases from 0% (pure acetone) to 100%
(pure benzene), the amount of charge transferred gradually
decreases until it is almost the same as that of benzene (Figure
Sb). For these two different organic solvents added in the
acetone droplet, ethanol and benzene, the transferred charges

generated by contact electrification are all changed compared
with pure acetone. This shows that such a droplet-TENG with
two electrodes is a high-sensitivity probe that can be used to
analyze the percentage of each solvent in the organic mixed
solvent.

However, the two curves in Figure Sa,b do not run similarly
to each other; one has a peak but the other does not, as would
be the case if the intermolecular force between molecules is a
key factor guiding the charge transfer between the organic
droplet and the dielectric polymer interface. Direct evidence of
a relationship between intermolecular hydrogen bonding and
the attainable amount of charge transfer between the organic
droplet and dielectric polymer has never been reported. The
different curves in Figure Sa,b probably would predict the
relationship between intermolecular hydrogen bonding and
charge transfer. A hydrogen bond is an intermolecular force
that forms a special type of dipole—dipole attraction when a
hydrogen atom bonded to a strongly electronegative atom
exists in the vicinity of another electronegative atom with a
lone pair of electrons.” Therefore, the electronic structure of
acetone is a strongly electronegative atom O with two pairs of
lone electrons (Figure 5c); thus, it is easy to form an
intermolecular hydrogen bond with ethanol, with a hydrogen
atom bonded to a strongly electronegative atom O. The
existence of hydrogen bonds probably makes impurity states
appear on the basis of the original molecular orbitals,*' which
is similar to the generation of surface states of a solid material.
This probably accounts for the increasing of transferred charge
in Figure Sa. In Figure Sa, the transferred charge between
electrode 1 and electrode 2 increases significantly first, this is
probably because the addition of a small amount of ethanol
causes the formation of intermolecular hydrogen bonds
between ethanol and acetone molecules. However, when the
volume ratio of ethanol in the mixed solution is greater than
25%, the transferred charge drops, which could be attributed to
the large number of ethanol molecules forming hydrogen
bonds by themselves, resulting in a gradual decrease in the
proportion of intermolecular hydrogen bonds between ethanol
and acetone. On the other hand, because C—H in benzene is
not a very polar bond, the hydrogen atom on benzene does not
have enough positive protons and cannot be used as a
hydrogen bond donor. This is probably the reason why adding
benzene in the acetone droplet leads to the decreasing of
transferred charge (Figure Sb). Moreover, molecules that can
generate intermolecular hydrogen bonds by themselves have
higher transferred charges, for example, water, ethanol, and
acetic acid (Figure 5d) in comparison with hexane, THF, and
benzene. Hence, it is possible that hydrogen bonding will
enhance the charge transfer between the droplet and dielectric

polymer.

CONCLUSION

We have developed a droplet-TENG with two spatially
arranged electrodes for probing the charge transfer at the
dielectric liquid—solid interface. The approach relies on the
analysis of the induced charge on copper electrodes generated
by the droplet sliding over a certain distance on the dielectric
polymer surface. Both ionic and organic droplets were
considered in our experiments. Taken together these findings
constitute the most compelling evidence to date for the charge
transfer between liquid and solid interface in dielectric
polymers being electrons. The relationship between the
concentration of organometallic compound (ferrocene) with
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the transferred charge upon contact electrification was studied,
which established an efficient chemical sensor based on the
droplet-TENG to probe the traces of organic impurities in
solvents. Moreover, in the course of this work we have
discovered that the molecules which can generate intermo-
lecular hydrogen bonds have higher transferred charges,
showing the hydrogen bond is probably a significant factor
impacting charge transfer between the liquid—solid interface,
and this type of droplet-TENG could be a sensor for detecting
intramolecular forces of organic compounds. This work
extends our understanding of static electricity for liquid—
solid interfaces and may find applications in chemical sensing**
and single-electrode electrochemistry.*

EXPERIMENTAL SECTION

Materials. Redistilled solvents and Milli-Q water (>18 M cm)
were used for substrate cleaning and to prepare solutions. Films of
fluorinated ethylene propylene (FEP, 30 ym, DAIKIN), polytetra-
fluoroethylene (PTFE, 80 um, ASF-110 FR, Chukoh Company),
kapton (100 ym, Botron), and polyethylene (PE, S0 ym, Xingweifeng
Technology Co., Ltd.) were used to contact with the liquid droplet.
Hydrochloric acid (37%), sodium hydroxide (97%), sodium chloride
(99%), and ferrocene (98%) were purchased from Sigma. Ethanol
(99.7%), acetone (99.5%), THF (99%), and acetic acid (99.5%) were
obtained from Yong Da Chemical. Hexane (97%) and benzene
(99.7%) were purchased from Aladdin.

Fabrication of Droplet-TENG. Plastic films were extensively
washed with ethanol prior to each experiment to remove static
charges. Two copper electrodes (copper films, 2 X 6 cm?, thickness of
30 pm) were attached on a smooth and clean poly(methyl
methacrylate) (PMMA) plate (6 X 16 X 0.5 cm®) separately;
PMMA plate were used as the backboards. After the copper electrodes
were attached, the plastic films were carefully attached on the PMMA
plate. Note that the attached plastic film must cover all areas of the
copper film attached to the PMMA plate to avoid electrical
interference and chemical corrosion.

Electrical Measurement. Two copper electrodes attached on the
PMMA plate were connected to two Keithley 6514 electrometers,
separately. The Keithley 6514 electrometers with a Labview program
on a computer were used to measure the induced currents on the two
copper electrodes produced by the interaction between the droplet
and the plastic and operating on the nA scale. When a droplet
contacts or separates from the copper electrode, a current peak
appears on the Labview interface. These data correspond to changes
in the surface charge of the polymer. Notably, unless otherwise
specified, the droplet height was 0.8 cm and the air humidity was 30%.
The liquid droplet was dripped by a syringe pump (PHD ULTRA
Series, Harvard Apparatus) and was grounded in the experiment.
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