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Ambient mechanical energy harvesting tech-
nology introduces a promising solution to alleviate
expanding energy demands on a sustainable basis, of
which the drawbacks should attract attention for further
advances. In this work, a liquid—dielectrics interface based
triboelectric nanogenerator (TENG) with direct-current
output is reported as an energy harvester and a chemical
sensor, with advantages of feasible fabrication, anti-wearing
durability, and low energy consumption. The TENG
consisting of an fluorinated ethylene propylene (FEP)
tube and Cu electrodes is designed into a ring structure,
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with two electric brushes bilaterally anchored that converts an alternating-current output into direct-current output. The
liquids and copper pellets as the fluid-state dielectrics are prefilled to generate triboelectric charges with an FEP tube. The
relevant parameters of TENG are initially optimized, enabling a satisfactory output under rotating excitations.
Furthermore, the inherent impacts of various liquids on the output performance of TENG are comprehensively studied,
based on which chemical analysis system is developed. Meanwhile, the design for TENG with pellets is also modified for
output-current enhancement. Finally, an assembled TENG has been demonstrated not only for energy harvesting without
rectification but also for chemical detecting in liquid composition and moisture content analysis. The proposed TENG
renders a more-efficient method for energy harvesting and greatly expands its application in direct-current self-powered

systems.

ambient mechanical energy harvesting, triboelectric nanogenerator, direct-current output, liquid—dielectrics interface,

chemical composition analysis

midst rising concerns over global warming and the
energy crisis, the search for clean and renewable energy
sources has been a major challenge facing human
society.””” Generating electricity from ambient energy provides
a superior solution to alleviate expanding energy demands on a
sustainable basis.>* Until now, various energy harvesters for
scavenging ambient environmental energy have been devel-
oped based on electromagnetic,” piezoelectric,’~” and electro-

. 10 . . .
static - transduction mechanisms. However, the widespread
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usage of such techniques is likely to be overshadowed by their
own drawbacks such as structure complexity,'' single operation
frequency,'” and low energy-conversion efficiency.'”'® The
emergence of triboelectric nanogenerators (TENGs) to harvest
various types of ambient mechanical energy into electricity
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Figure 1. Structural design of the direct-current TENG. (a) Schematic illustration of the ring-tube TENG mounted on a rotating acrylic base
with spokes supported, while two electric brushes are installed on an outer stationary acrylic base and clamped by two acrylic blocks. (b)
Cross-section view of the extended ring-tube TENG with water or other liquids, in which the liquid is full filled the cross-sectional area.
Photographs of (c) as-fabricated TENG on the rotary motor platform. (d) SEM image of the FEP tube (scale bar: 2 ym).

brings about an alternative way for energy conversion and
application."*™"” Different from the aforementioned energy
harvesters, the TENGs, as driven by Maxwell’s displacement
current, can effectively convert ambient mechanical energy into
electricity based on the coupling of triboelectrification and
electrostatic induction.'® Since its creation, the TENG has
been demonstrated to harvest a variety of energies that are
omnipresent but otherwise wasted in our daily life, such as
vibrations,"”*° human motions,*""** wind,”®> ocean waves,***
and so on.”® In addition, the output of TENG can also be used
to actively detect the static and dynamic processes arising from
mechanical movements for self-powered sensors. With the
facile design, flexible structure, and abundant choice of
materials, the TENGs have proved to be a simple, cost-
effective, and robust technique for self-powered devices and
Sensors.

Nevertheless, most TENGs normally produce alternating-
current electricity due to the alternatively driven induced
electrons between electrodes through the periodic physical
contact and separation between two dissimilar materials. In
this case, a rectification or regulation circuit is required to
connect energy storage units for a self-charging power system.
Each of these electronic units demands a certain threshold
voltage and bring about energy consumption.”” However, the
encapsulation of these redundant rectified circuits will enhance
the fabrication cost and the difficulties of maintenance. Several
research efforts have been devoted to fabricate direct-current
TENGs (DC-TENGs) by using the wheel-belt structure”® and
the mechanism of air breakdown.”” However, the wheel-belt-
based TENG needs a bulky size, and the TENG based on an
air breakdown induced ionized air channel cannot regulate the
output quantitatively. Thus, a facile and efficient method for
realizing DC-TENG needs to be proposed.

Generally, various prototypes of TENGs have been based on
friction between solids.”® The performance of solid—solid
TENG will be sensitive to environmental factors, resulting in
the output instability of TENG,* and the inefficient physical
contact area between two abrasive surfaces is another problem

that needs to be settled.* Alternatively, liquid dielectrics such
as water or other fluid dielectrics such as a pile of metal pellets
can serve as a favorable substitution to contact with friction
layer in TENGs for their relatively stable output and
durability.*® These fluid-state dielectrics with flexible shapes
can be easily modulated to fit any designs of TENG, and they
can also provide total contact with the solid friction layer to
generate more triboelectric charges for a higher output.**~*°
Furthermore, the flowing property of such dielectrics makes
them lubricant for contact, resulting in preferable durability.*”
To date, the fluid-state dielectric-based TENGs have not
drawn much attention because of irregular and relatively low
output. In this regard, a feasible design of the fluid-state
dielectric-based TENG with desirable outputs should be
formulated, and more importantly, the influence factors on
the output performance and the inherent impact of fluid-state
properties of this kind of TENG should be systematically
studied.

Herein, a multifunctional liquid dielectrics interface based
TENG with direct-current output is demonstrated as an energy
harvester and a chemical sensor. The TENG that consists of an
fluorinated ethylene propylene (FEP) tube and Cu electrodes
is designed into a ring tube structure and two electric brushes
are bilaterally anchored for producing direct-current electricity
on the basis of the freestanding mode for mechanical energy
harvesting. The liquids and copper pellets that were employed
as the fluid-state dielectrics are prefilled in the tube. As the
tube rotates under external stimulus, the fluid-state dielectrics
can get total contact with the inner wall of FEP tube, serving a
complete cycle of electricity generation. Specifically, the TENG
with DI water produces an open-circuit voltage (V,.) up to 228
V and a peak short-circuit current (I,.) of 11.5 uA, while the
TENG with copper pellets outputs a V. up to 101 V and a I
of 1.27 pA under particular rotating excitations, both of which
are direct-current outputs. Furthermore, this kind of TENG
can also be applied to analyze chemical composition and
concentration. This work provides a more efficient way of
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Figure 2. Schematics of working principle of the direct-current TENG. (a) Schematic charge distribution and current direction of the TENG
based on a ring structure in both (j, ii) initial status and (iii—vi) stable status. Red arrow shows the rotation direction of the FEP tube. The
electricity has generated in one full cycle with the unchanged current direction indicated by the blue arrow. (b) Electric potential
distributions on the tube at 4 typical rotation angles from 0° to 90° via COMSOL simulation; the distributions for further rotation angles

can be concluded due to the symmetric structure.

energy harvesting and chemical sensing in direct-current self-
powered systems.

RESULTS AND DISCUSSION

Structure and Working Mechanism. As illustrated in
Figure 1la, the direct-current TENG is designed in a ring tube
structure with two electric brushes symmetrically anchored on
the both sides of the tube. The tube is mounted on a rotating
acrylic base and then fixed by radial supporting spokes that
connected with the shaft of the rotary motor. The two electric
brushes are installed on an outer stationary acrylic base and
clamped by two acrylic blocks, respectively. Once the motor
starts to spin, the ring tube will be driven by the rotating base,
and the brushes will be bent to get contact with the rotating
tube. The tube is made of an FEP tube with transparent and
flexible features that serves as the triboelectric material, while
the Cu electrodes are covered on the upper and lower
semicircular parts of the ring tube. Accordingly, the liquids that
employed as the liquid dielectrics are pre-injected in the tube.
In virtue of the electronegativity difference between the FEP
and such dielectrics, the liquids that flowing in the inner
surface of FEP tube will induce the separation of the electrons
and the positive charges in the FEP and liquids, respectively.
Meanwhile, the charges of Cu electrodes will be induced by the
triboelectric charges on FEP, and such induced charges will be
moved to the contacted electric brushes. The electric brushes
that alternatively contact the Cu electrodes will keep the flow
direction of charges unchanged, which is the key strategy to
achieve the direct-current output for TENG.

Figure 1b exhibits the cross-section views of ring-tube
TENG with water or other liquids. Panels ¢ and d in Figure 1,
respectively, show the photographs of the fabricated TENG-

based self-powered system and one single ring-tube TENG,
and the scanning electron microscope (SEM) image of the
FEP-tube inner surface is exhibited in Figure le. Notably, two
cut pieces of the Cu films are symmetrically covered on the
blank part of tube and are connected with each other through
copper wire in measuring voltage to eliminate the effects of
floating potential. In addition, the installation positions for
electric brushes should be adjusted to be aligned with the fluid-
level of dielectric in the tube for maximum signal outputs. The
overall TENG system owns the dimensions of 12 in. X 12 in. X
2 in. (more details on the fabrication process are given in the
Experimental section).

The working principle of the DC-TENG includes an initial
status and a stable status, which are all based on a coupled
effect of triboelectrification and electrostatic induction. The
detailed electricity generation process of TENG with liquid is
illustrated in Figure 2a. At the initial status, the FEP inner tube
and the injected liquid should get into full physical contact to
create triboelectric charges by rotating a complete circle, with
the inner surface of FEP tube being negatively charged and the
liquid positively charged according to triboelectric series (i).
The negative charges on the inner surface of tube should have
an equal amount with the positive charges in the liquid. The
stable status begins with the upper electrode starts to enter the
liquid covering area, and the lower electrode starts to leave that
area (ii), after which the DC-generation process can be divided
into four stages. In stage iii, the liquid covering area of the
upper electrode increased while that of the lower electrode
decreased, and positive charges in the loop will flow from the
upper electrode to the lower electrode via the load to screen
the local field of the non-mobile negative charges on the FEP
tube (iii). The charge transfer continues in the whole process
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Figure 3. Parameters optimization for TENG fabrication and electrical measurements of TENG with half-filled DI water. (a) V,. of TENGs
with different L.D.s of FEP tubes accompanied by a tunable water volume. (b) The maximum peak values of V,_ (left column) and V,_ per
water volume (right column) of TENGs with different LD.s of FEP tubes under particular water volumes. (c) V,. of TENGs with different
copper electrode lengths accompanied by a tunable water volume (left column) and the length of water in the tube normalized by the cross-
sectional area of FEP tubes. (d) V,. of TENGs under different rotation speeds accompanied by a tunable water volume (left column) and the
length of water in the tube normalized by the cross-sectional area of FEP tubes. (e) V,, (f) I, and (g) Q,. of TENG under typical rotation
speeds of 10, 30, 50, 70, 90, and 110 rpm, respectively. The inset of panel g shows the transfer charge quantity signal with its smoothed
signal processed by FFT in one rotating cycle under 70 rpm. (h) Dependences of output voltage, current, and peak powers for TENG under

varied resistive loads.

until the upper electrode reaches to the overlap position of the
liquid covering area and a new equilibrium is established,
which is regarded as the first half cycle of electricity generation
(iv). After that, as the tube keeps rotating, the upper electrode
intends to rotate back to its original position, and the positive
charges will be reversely transferred from the lower electrode
to the upper one to rebalance electrostatic status. Unlike other
typical AC-TENG structures, the electric brushes directly
connected with electrodes are employed for charge transfer. In
this case, when the upper electrode starts to leave the liquid
covering area, the connected electric brush will thus be
switched from to the left one, the direction of charge transfer
in the loop will be reversely rectified, resulting in an unchanged
current in the load (v). The second half of electricity is, hence,
generated as the electrodes rotate back to their original
position (vi). In addition, the electricity generation process in
the TENG with pellets shares a similar principle with that in
the liquid TENG.

For further understanding, the charge distribution in the
open circuit condition is also demonstrated, as shown in Figure
2b. Due to the symmetric ring structure of TENG, four
particular positions with various rotation angles are selected,

and the continuous variation of the open circuit voltage (V,.)
is visualized through finite-element simulation by COMSOL.
The V. is defined as the electric potential difference between
two electrodes, which can be produced by the electrostatic
induction as the nonmobile negative triboelectric charges on
the FEP inner tube are screened in an orderly fashion by the
positive ones in the liquid. Therefore, the maximum V.
appears at stage i. When one of the electrodes reaches the
overlap position of the liquid covering area, the negative
charges on the FEP tube covered by electrode are fully
screened by the positive charges in the liquid, resulting in a
largest induced potential difference (i). Such a voltage then
decreases because two opposite triboelectric charges will be
induced on the same electrode as the tube rotates (ii and iii).
Once the rotation angle reaches 90°, the V. comes to the zero-
crossing point due to the same amount of the two opposite
charges (iv), and the V. with the same polarity starts to rise
until another electrode reaches to the same overlap position.
Further rotational movement of the ring tube will induce the
V. proceeds in the same way.

Ring-Tube DC-TENG Optimization (Using DI Water as
a Mobile Phase). The output performance of TENG is
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primarily concerned with the volume of liquid dielectrics,
overlap position, and the operation speed; thus, the related
parameters should be initially optimized before fabrication.
Correspondingly, as shown in Figure 3a—d, the volume of
dielectrics, the tube diameter, the length of the Cu electrode,
and the rotation speed were initially explored by comparing the
output performances of TENG (indicated by the value of V).
DI water was employed as the model liquid prefilled in the
tube. Figure 3a exhibits the output V,. with varied tube
diameters (internal diameter, L.D.) as well as the liquid volume.
The liquid volume is normalized by the cross-sectional area of
FEP tubes with varied sizes for better comparison. The
maximum value of V. is ca. 228 V, which appears when the
LD. is larger than 6 mm, and the length of water in tube for
this maximum value decreases from 10 to 4 in. with a larger
LD. The smaller-diameter TENG exhibits a relatively poor
output for a combined effect of the water capacity and fluidity.
The tubes with smaller diameters contain less water than the
larger ones under the same length of water, and the fluidity will
get worse in the narrow cross-section as the water volume
increases. Both of them result in insufficient triboelectric
charges. Differently, the tubes with larger diameter own better
water capacities, and the length of the water therefore
decreases to keep the same liquid-covered area with the
smaller-diameter tubes as water dispersed in the rotation,
leading to a downward trend of the maximum point.
Importantly, the energy conversion efficiency is also consid-
ered as indicated by the generated V. per volume of water,
with results displayed in Figure 3b. The V. first exhibits a
sharp increase and then remains with a steady trend as the tube
diameter raises. The curve of the generated V. per volume of
water, however, has been declining from the ID. of 4 mm,
indicating a lower energy conversion efficiency in the larger-
diameter tubes. The I.D. of 6 mm therefore was selected as the
optimized diameter value in consideration of the value and the
efficiency.

Besides the triboelectrification effect between the liquid and
the FEP tube, the final output of the TENG is also generated
from the electrostatic induction of the covered Cu electrodes.
Hence, the length of the Cu electrodes was optimized
according to Figure 3c. It is apparently observed that the
output gradually increases with the increase of Cu length and
reaches a maximum of ca. 228 V in a Cu length of 10 in., which
claims that the induced charge quantity is positively correlated
with the length of electrode. As for the raised filled water
volume, the output increases initially, followed by a decrease
under any fixed Cu length. The smaller water volume cannot
provide a sufficient covering area for inducing charges, while a
further increase of water volume will cause a reduced area for
electrostatic induction on Cu electrode because the extended
liquid covering area overlaps the two electrodes simulta-
neously. With the obtained tube diameter and Cu length, the
optimized rotation speed is then discovered (Figure 3d). The
maximum output V. appears under a rotation speed of 70 rpm
accompanied by a liquid volume of 7 mL. The rotation speed is
closely related with the surface friction of the liquid—solid
interface because of the viscosity. The liquid dielectric has
viscosity that reflects its resistance to gradual deformation by
shear stress. In our case, when the tube starts to rotate, the
fluid molecules generally move quicker near the tube wall but
slower near the tube’s axis, but the viscosity is applied to
overcome the relative motion between adjacent molecule
layers to keep the fluid static. Once the system reaches

dynamic equilibrium, the surface friction of the liquid—solid
interface equals the shear stress of molecules near the tube
wall. Based on Newton’s law of internal friction, shear stress
along with the radius direction can be expressed as the
following (detailed calculations are disclosed in the Supporting
Information):

ro Qe __ 4
o =M

A A
—p(R2 - = £,
4L 2L (1)

where y is the viscosity coeflicient; du/dr is the velocity
gradient along the radius direction, which can be further
indicated by the pressure drop (Ap) of the tube section at a
certain length (L); R is the radius of tube; and r is the current
radius value. As the shear stress linearly correlated with the
radius value, the surface friction of the liquid—solid interface
thus can be expressed as:

fo=—r= Ap ~ 8uu

2L 2R )
where u is the average flow rate, which is positively
proportional to the rotation speed. In this regard, when the
rotation speed is slower than 70 rpm, the triboelectric charges
reduces due to the smaller surface friction, resulting in a
decrease of output. In addition, when the water volume is less
than 7 mL, the liquid area cannot fully cover the electrode, and
the induced charges are thus reduced. While the rotation speed
and the water volume are over the extreme points, the length
of water in tube will be extended as water further dispersed,
and the output hence decreases via an excessive overlap of
liquid on two adjacent electrodes.

As fabricated by the optimized parameters, the rotary tubular
TENG with DI water was then operated on a rotary motor
platform with controlled rotation speeds varied from 10 to 130
rpm. The electrical output performances of TENG were tested
under different rotation speeds, and the results at typical
speeds are shown in Figure 3e—h. As demonstrated in Figure
3e—g, the peak value of V,_ first exhibits an upward trend until
the rotation speed reaches to 70 rpm, with the maximum peak
value of ca. 228 V, which was then followed by a slight
decrease. The increase in V. with the raising rotation speed
can be attributed to the increment of triboelectric charges by
the enhanced surface friction of the liquid—solid interface as
we mentioned above. Once the rotation speed is over than 70
rpm, the water in the tube will be further dispersed causing an
extended covering area that overlaps with two adjacent
electrodes. Notably, some reversed voltage signals can be
observed under a higher rotation speed. This is because some
portions of water were driven to the upper part of the tube at
some instantaneous speeds, leading to the unchanged induced
charges on the same electrode, then the signal will be reversed
when this electrode switched to another electric brush. As for
the current signal, the I, mainly includes two parts: the
continuous signals produced by the charge transfer between
electrodes and the pulse signals generated by the sudden
reverse of charge after electrode switch. Both of them are valid
signals. The peak value of I, represents a similar trend as that
of output voltage, showing the maximum peak value of ca. 11.5
HA under 70 rpm. The output current can be defined as the
transfer rate of triboelectric charges. Therefore, in the ascent
stage, the output current will be further enhanced not only by
the increment of triboelectric charges but also by the raised
transfer rate under a higher rotation speed. While in the
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Figure 4. Effects of liquid inherent properties on the output performance of TENG. (a) Relationship between V. and contact angle and
polarity for the discovered liquids (1, hexane; 2, isopropanol; 3, ethanol; 4, acetone; 5, ethylene glycol; and 6, DI water). (b) Contact angle
of liquids measured on the FEP substrate. (c) The charge density differences of liquid molecule (water, ethanol, and hexane) and FEP
interfaces at different distances (3.5, 4.25—4.5 and 7.0 A). For water—FEP, ethanol—FEP, and hexane—FEP, the equilibrium distances are

calculated to be 4.5, 4.25, and 4.25 A, respectively.

descent stage, the peak value of I . experiences further decline,
and more reversed current signals are monitored. As the output
current is an outcome of both charge quantity and transfer rate,
when some portions of water were driven to the upper part of
the tube, the charge transfer become will become more
disorder even though a slight drop in charge quantity, leading
to a significant decrease in the output current.

Meanwhile, the Q,. shows linear charging curves, which are
different from that of other TENGs. Because most
picoammeters detect the instantaneous charges by measuring
the potential variations on their inner capacitors that
connected with samples. The potential superposition will be
continuous applied on the inner capacitor in the direct-current
loop, resulting in a linear growth in the Q,.. The growth rate
for the Q. first increases and then decreases. The maximum
value of the Q, reaches around 14 uC after 60 s of TENG
operation under 70 rpm. The inset of Figure 3g shows the
enlarged Q,. signal with its smoothed signal processed by fast

Fourier transform (FFT) in one rotating cycle under 70 rpm.
In the enlarged view, two main ascent phases are observed
followed by short retracing intervals. Due to the symmetric
up—down structure, two electrodes will pass through the liquid
covering area in one rotating cycle, making the charge quantity
increases twice in this cycle. Once one of the electrodes starts
to leave the full overlapping position of liquid covering area,
the two electrodes will accordingly push apart with their
current brushes and become ready to form contact with the
opposite ones. During this switching period, there are no
charges that transferred between electrodes through the
brushes, and the potential of the inner capacitors in
picoammeters will thus decay, leading to the detected
reduction of charge quantity. In this case, the transfer charge
quantity is only detected to be reduced but actually to be stable
in the retracing interval because there is no charge dissipation
or opposite charge generation. In addition, the charge density
P can also be calculated as 1.32 nC/cm?® based on the
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Figure S. Electrical measurements of TENG with copper pellets. (a) V,, (b) I, and (c) Q,. of TENG with half-filled copper pellets under
typical rotation speeds of 10, 30, 50, 70, 90, and 110 rpm, respectively. The inset of panel c shows the transfer charge quantity signal with its
smoothed signal processed by FFT in one rotating cycle under 130 rpm. (d) Schematic illustration for the structural designs of TENGs (only
displayed the lower semicircular part of the FEP tube) with different pairs of electrodes. Notably, copper pellets and FEP pellets are in
different diameters but are sketched as the circles of the same size for better observation. (e) Dependences of output voltage and current for

TENG with different electrode pairs under varied resistive loads.

increment of transfer charge quantity in one rotating cycle and
the internal surface area of the FEP tube. As displayed in
Figure 3h, once an external load is applied, the peak value of I,
decreases as the load resistance increases, while the peak value
of V. follows a reverse trend. The instantaneous output power
is maximized at a load resistance of ca. 120 M, corresponding
to a peak power density of ca. 3.7 mW under 70 rpm.

Functions of Liquid—FEP Interaction on the TENG
Output Performance. To further explore the capability of
the rotary tubular TENG, five other kinds of liquids were
utilized to investigate the effects of the liquid inherent
properties on the TENG output performance. The TENG
was operated under the rotary motor platform with a constant
rotation speed of 10 rpm. As shown in Figure 4a, the output
performances for the liquids of hexane, isopropanol (IPA), and
ethanol are relatively low, while the output voltage gradually
increases as the liquid varied from acetone and ethylene glycol
to DI water. The output voltage of TENG based on
freestanding mode is closely related to the triboelectric charges
on the solid—liquid interface. Macroscopically, the interface
friction is partly contributed by the physical affinity of liquid to
FEP tube, which can be reflected by the contact angle. The
contact angles of liquids on the FEP substrate were measured
and displayed in Figure 4b, exhibiting a positive correlation
with the output voltage, while in the micro view, the interface
friction is also influenced by the polarity of liquid, resulting
from the intermolecular forces.

Regarding to the intermolecular forces, density functional
theory (DFT) calculations were therefore performed. A chain-
like fluorocarbon containing 21 C atoms and 3 typical liquid
molecules (H,O, ethanol and hexane) were put into a box to
consider the corresponding interaction. The kinetic cut-off
energy was set to 850 eV, and the k-mesh was set to 1 X 1 X 1.
(More-detailed settings are disclosed in the Experimental
section). First, the total system energy under different interface

distances is calculated to determine the equilibrium distance at
the liquid—FEP interface (Figure S2). All three liquid
molecules show the similar variation tendency of the total
system energy, which means that the liquid molecule and FEP
are in a compressive state when the interface distances are less
than the equilibrium value and in a non-contact state when the
distance is greater than the equilibrium value. However, their
equilibrium values are quite different, in the order of hexane <
ethanol < water, which shows a positive correlation with liquid
polarity. The charge density differences at the equilibrium
distance are calculated to study the contact electrification. As
shown in Figure 4c, for the case of water, partial rearrangement
of the electrons around the C and F atoms at the interface
occurs, and the main charge acceptor of FEP is around the
interface F atoms due to the repulsive interaction between
water and FEP. For the cases of ethanol and hexane, the charge
enrichment around the interface F atoms is also found;
however, the degree is in the order of hexane < ethanol <
water, positively related to the liquid polarity.

The total charge distribution at different interface distances
is further calculated. We chose the interface C and F atoms to
show the charge quantity varies with the distance between
liquid molecules and FEP. As shown in Figure S3, when the
interface distances are less than the equilibrium value, the
charge of F becomes larger, and that of H (in liquid molecule)
becomes smaller. The variation of charge quantity reaches the
maximum value at the minimal distance. That means the
compression can result in the accelerative charge rearrange-
ment, which exactly explains why the output performance of
TENG exhibits an upward trend with the increasing of the
rotation speed. The similar trend also obtained from the cases
of ethanol and hexane, and the degree of charge rearrangement
is in the order of hexane < ethanol < water, positively related to
the liquid polarity.
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Figure 6. Demonstration of the DC-TENG as a practical power source and a chemical sensor. (a) Photograph of three interlaced assembled
TENG with an angular phase difference of 120° between electrodes of adjacent tubes and (b) its output voltage signal. (c) Photograph of the
assembled as-fabricated TENGs and (d) its output voltage signal. (e) Photographs of the assembled as-fabricated TENGs as a power source
to drive a thermometer through a capacitance without a rectification. (f) Charge—discharge curves of capacitor during energy supply. (g)

Photographs of the TENG-based platform used for chemical composition analysis and moisture-content detection.

For the above-mentioned reasons, the output performance performance because of the higher value of contact angle.
of TENG is positively co-affected by the contact angle and However, the output voltage of ethanol is lower than that of
polarity of liquid. For instance, ethanol, which has a acetone as a result of the weaker polarity, although both of
comparative polarity with IPA, shows a better output them have a similar physical affinity to FEP. More importantly,
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such kinds of liquid properties will be altered with the addition
of water, leading to the variation of output performance of
TENG. With the solution volume unchanged, all of the liquids
were mixed with water, and the output signals for liquids with
varied concentrations were obtained, with results shown in
Figure S4. By virtue of the highly sensitivity to the inner liquids
as well as the liquids with varied concentrations, the rotary
tubular TENG can be further designed as a sensor to analyze
the chemical composition and moisture content of solution,
which will be demonstrated in the Demo section (Figure 6g,
Movie S2 and Movie S3).

Ring-Tube DC-TENG Optimization (Using Copper
Pellets as the Mobile Phase). Aside from the various
kinds of liquids, the copper pellets, as another kind of fluid-
state dielectrics, can also be utilized in the rotary tubular
TENG for energy harvesting. Although the liquids and a pile of
pellets both belong to the fluid-state dielectrics, the inherent
physical properties are varied and should be properly adjusted
into TENG for favorable outputs. Herein, the copper pellets
with diameters of 1/16 in. were employed in the same rotary
tubular TENG for energy harvesting, with the results under
typical rotation speeds shown in Figure Sa—c.

First of all, the peak value of V. for the copper pellets is
lower compared to that for the liquid due to the filled volume
deviation. The copper pellets half-filled a tube to avoid
blockage in rotation, which makes the triboelectric charges
reduced for the less-effective contact area. Then, unlike other
liquid dielectrics, the peak value of V. for copper pellets
almost remains stable at different rotation speeds, with a
consistent maximum value of ca. 98 V except for a slight
decrease in 130 rpm. Moreover, there are no obvious reversed
signals observed in V. for copper pellets. The difference in the
voltage signals of two dielectrics is a combined result of
viscosity and physical affinity. The liquid dielectric owns the
viscosity, with which the surface friction of liquid—solid
interface is proportional to the rotation speed, leading to the
increase in V. If the rotation speed is further raised, the
viscosity, however, cannot provide enough shear stress to keep
fluid static, the liquid will be dispersed to overlap with two
adjacent electrodes, leading to a decline trend. However, the
dispersed portion of water will largely affect the induced charge
distribution, leading to the reversed voltage signal. The copper
pellets are discrete without viscosity so that the surface friction
applied on the pellets because the shear stress will convert into
rotational kinetic energy, not drive them to move in tube.
Besides, only surface friction on the lower surface of the inner
wall of tube applied to the pellets system due to the limited
filled-pellets quantity. In this way, the pellets system can
remain stationary under a relative higher rotation speed but are
not likely to move around in the tube to affect the charge
distribution, which leads to a constant peak value of V.
without the reversed signal. As the rotation speed further
increases to 130 rpm, the surface friction cannot be fully
counteracted by the pellets system, and as parts of pellets move
freely in the tube, the dynamic balance of pellets system starts
to be broken. In this case, the V. shows a slight decrease of
voltage, but only very subtle reversed voltage signals are
observed. This is because that the pellets have no physical
affinity to the FEP tube, even though some parts of them are
driven up to separate the pellet system, and they cannot be
attached to the inner wall of tube like liquids. Thus, these
sectioned pellets will only affect the charge distribution for a
very short time, resulting in very subtle reversed signals.

Conversely, the I, shows an increase trend with the raising
rotation speeds, with a maximum peak value of ca. 1.35 yA at a
rotation speed of 130 rpm. Because the transfer charge
quantity almost remains constant, the transfer rate of charges is
largely enhanced under the increasing rotation speed,
producing the increased current. The Q.. exhibits similar
linear charging curves with that of liquid-based TENG. The
growth rate for the Q,. shows a linearly increasing trend with
the raised rotation speed. This is because, with the constant
transfer charge quantity, the charging rate is mainly dependent
on the output signal frequency, controlled by the rotation
speed. Such an increasing rate exhibits a slight drop at 130
rpm, which is a result of reduced charge quantity for the
unbalanced pellet system. Additionally, the Q.. signal in one
rotating cycle is plotted in the inset of Figure Sc, in which two
main ascent phases and retracing intervals are also observed.

By virtue of the discrete characteristic, the copper pellets can
be further divided into several separate sections to enhance the
output current. The FEP pellets with diameters of 5/32 in.
were utilized to totally separate the copper pellets. To maintain
the fluidity, the tube was half-filled with pellets, and electrodes
were covered on the lower semicircular part of the tube. After
the introduction of the FEP pellets, the pairs of electrodes can
be raised to form a multielectrode structure of freestanding
mode, of which structural designs for 1-pair, 2-pair, and 3-pair
arrangements are illustrated in Figure 5d. The copper pellets
were divided into several equal parts according to the pairs of
electrodes. The length of the electrode was equally split into
the same size as the covering area of copper pellets. Because all
of the electrodes were mutually connected into groups with
two adjacent electrodes in different groups, the covering area
of copper pellets can concurrently overlap with only one group,
largely enhancing the transfer rate of induced charges. The
output voltage and current of TENG with different pairs were
obtained at varied external load resistances under a rotation
speed of 130 rpm, as plotted in Figure Se. The voltage overall
exhibits a declining trend with the maximum value decreases
from 65 V for l-pair arrangements to 25 V for 3-pair
arrangements, which is a result of the reduced induction
charges. Although the total transfer charge quantity remains
unchanged, the induction charges on each parallel electrode is
reduced due to the divided length. However, the current
displays a reverse trend with the maximum value of ca. 0.8 yA
for 3-pair arrangements. With the unchanged transfer charge
quantity, the transfer rate of charge is largely raised by the
increasing pairs of electrodes, leading to an increase in the
output current. The variations of voltage and current are
accorded with the principle of the freestanding mode, in which
the decrease of voltage and the increase of current is
proportional to the electrode segments.

Applications of the Ring-Tube DC-TENG. The energy
output performances of the fabricated TENG were first
demonstrated in which three tubular TENGs with various
structures were paralleled for different purposes. In Figure 6a,
the TENG was coated by the shortened Cu electrode, which
covers almost 1/3 of the circumference of the tube. A small cut
piece of Cu film was anchored next to the electrode and was
used for eliminating the effects of floating potential during
voltage single acquisition. After each tube was half-filled with
water, the three tubes were interlaced and assembled on the
rotary motor, with an angular phase difference of 120° between
electrodes of adjacent tubes. The output voltage was obtained
under a rotation speed of 60 rpm with the maximum value of
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ca. 150 V, as shown in Figure 6b. The output signal is
composed of 3 single output signals with a 120° phase
difference, which is similar to the typical 3-phase alternating
signal after rectification circuit. In addition, the length and the
angular phase difference of electrodes can be modified to
achieve a multiple-phase signal with adjustable pulse width and
shiftable phase difference.

In Figure 6¢,d, 3 TENGs with the aforementioned structure
were sandwich-like assembled in parallel connection, from
which a maximum voltage value of ca. 550 V has been reached.
With such a stable output performance, the assembled TENG
was demonstrated to drive a thermometer through a capacitor
of 100 uF as the energy storage unit, as shown in Figure Ge,
and the charge—discharge curves of capacitor are plotted in
Figure 6f. The output of TENG can directly charge the
capacitor without rectification, and once the voltage of
capacitor rose up to about 1.5 V after 90 s of charging time,
the thermometer started to work to display the room
temperature and humidity (Movie S1). Finally, we’ve
developed a chemical composition analysis system based on
the LabView platform. The data for output signals of different
liquids and the liquids with varied concentrations were
collected and stored as the reference values. The measured
liquid was extracted at the specified volume and then injected
into the TENG, which was operated on the rotary motor with
a fixed rotation speed of 10 rpm. The liquid composition can
be analyzed in a fast response after comparing the real-time
voltage signal with the reference value. For the given liquid
composition, the moisture content of solution can also be
analyzed in the same way (Figure 6g, Movie S2, and Movie
S3). Furthermore, with more data samples been accumulated,
the proposed TENG can be easily and promptly utilized for
chemical composition analysis for a variety of liquids with
excellent accuracy and reliability, which provides a feasible and
effective potential in chemical sensor application.

CONCLUSIONS

In summary, a multifunctional DC-TENG based on liquid
dielectrics interface has been demonstrated for energy
harvesting and chemical analysis. The TENG consisting of
FEP tubes and Cu electrodes is designed into ring structure, in
which the liquids and copper pellets as the fluid-state
dielectrics are prefilled to serve triboelectric charges, ensuring
the favorable anti-wearing durability and stable output
regardless of environmental factors. Meanwhile, two electric
brushes are bilaterally anchored to alternatively contact the
electrodes for delivering direct-current output, by which a
rectification circuit and its encapsulation are not required,
ensuring the lower energy consumption and economical
fabrication cost. Based on the rotary motor platform, the
relevant parameters of TENG were initially optimized by
investigating the effects of liquid volume, tube diameter, length
of electrode, and rotation speed on the output performances of
TENG. With the optimized parameters, the electrical output of
TENGs with both liquids and pellets were enabled to deliver a
satisfactory output under rotating excitations. For the liquid
dielectrics, the inherent impacts of various liquids on the
output performance were further comprehensively studied
based on which the chemical composition analysis system was
developed. The chemical analysis system is capable of chemical
detecting with an accurate and fast response, which shows
potential for liquid detection in TENG-based sensors, while for
the pellet dielectrics, a modified design of TENG was also

proposed for enhancing the output current. Finally, an
assembled TENG has been demonstrated not only for energy
harvesting in powering a thermometer without rectification but
also for chemical detection in liquid composition and moisture
content analysis. This proposed DC-TENG with fluid-state
dielectrics renders a more efficient way toward energy
harvesting and greatly expands its application in direct-current
self-powered systems.

EXPERIMENTAL SECTION

Fabrication of the TENG. The main body of TENG is fabricated
by 1.0 mm thick FEP tube with different inner diameters (LD. = 2, 4,
6, 8, 10, 12, and 14 mm), which exhibits very high polarity and
transparency properties. The FEP tube was first truncated into the
specified length (24 in.) and then was curved into a ring structure
(ID. = 7.5 in.), with both ends connected through a joint. The joint
was a small cut of FEP whose inner diameter equals the outer
diameter of the ring tube. After that, two conducting Cu tapes with
adhesive back sides (10 in. long, 88.5 um thick) were symmetrically
placed on the upper and lower semicircular parts of the tube. For the
needs of the effects investigation, the length of electrode can be
tunable to the required length (2, 4, 6, 8, and 10 in.), ensuring the
center positions of electrodes unchanged. In addition, 2 short cut
pieces of Cu film (1 in. long) were symmetrically placed on the center
of the blank part of the tube, which were connected with each other
by a copper wire in measuring voltage signal. Finally, 2 pieces of Cu
tape with dimensions of 0.4 in. X 3 in. were placed on both sides of a
flexible film (200 pm thick PVC film) with the same size to fabricate
the electric brush.

Fabrication of the TENG Platform. The platform is composed
of the stationary acrylic base, rotating acrylic plate, and the radial
acrylic supporting spokes. For the stationary base, a laser cutter
(PLS6.7S, Universal Laser Systems) was employed to cut a 1/8 in.
thick acrylic sheet into a circular shape (11 in. diameter) with an inner
circular hole (1 in. diameter). The rotating plate was also cut from a
1/8 in. thick acrylic sheet into a smaller circular shape (9 in. diameter)
with an inner circular hole (0.4 in. diameter). The rotating plate was
fixed on the rotary motor with its shaft inserted in the inner circular
hole. The supporting spokes were cut from a 1/4 in. thick acrylic
sheet into the spoke shape (7.3 in. outer radius, 2 in. inner radius, and
1 in. inner hole radius). The tube was mounted on the rotating base
and then supported on radial spokes. In addition, 2 acrylic blocks (2
in. X 1 in. X 0.25 in.) with notches were used to clamp the electric
brush and then installed on the stationary base.

Characterization and Measurement. A Hitachi SU8010 field-
emission SEM was used to measure the inner surface morphology of
the FEP tube. A rotary motor (BLFM230-A) was applied to mimic
the rotating movements of the tubular TENG, which was controlled
by a DC motor driver (Model BLFD30A2). The typical electrical
signals of the tubular TENG were acquired via an electrometer
(Keithley 6514). The software platform was constructed based on
LabView, which was capable of realizing real-time data acquisition
control and analysis.

Density Functional Theory Calculations. All DFT calculations
were carried out with Vienna Ab-initio Simulation Package
(VASP).>”*® The exchange correlation functional employed was the
Perdew—Burke—Ernzerhof functional of generalized gradient approx-
imation.*”*° The periodic molecule crystalline model of FEP is
consisted of 21 C atoms and used in the calculations. The parameters
of FEP were 5.67 A X 5.67 A X 18 A. The vacuum region was 20 A.
The valence electrons were described by a plane wave basis set with
the kinetic energy cutoff of 850 eV and the large number of electrons
in the outer orbital of the F atom in FEP,* and the core electrons
were replaced by the projector augmented wave (PAW) pseudopo-
tentials. The k-point was set to 1 X 1 X 1, and that of the static
method was 1 X 4 X 1. The liquid—FEP contact interface distance z is
changed in the range from 3.5 to 7 A in the calculations, and the
denser points from 2 to 3 A are to find the equilibrium distance,
which is the most-stable state. When the interface distance was
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changed, the C atoms in FEP, ethanol, and hexane and the O atoms in
water were fixed.
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