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Solution-Tube-Based Volume Effect Triboelectric
Nanogenerator with Salt and pH Sensitivity

Qitao Zhou, Boyou Wang, Along Gao, Wenxia Xu, Kang Zhou, Jing Pan, Guowen Meng,*

Caofeng Pan,* and Fan Xia*

Due to the advantages of natural softness and flexibility of water, liquid—
solid-based triboelectric nanogenerators (TENGs) have aroused wide atten-
tion recently and much effort has been devoted to improving its output
performance. Herein, the performance of liquid—solid-based TENG is greatly
improved through two simple steps. First, an end electrode is added into

the traditional tube-based TENG and the volume effect is successfully real-
ized, with the output voltage improved by =40 times to 240 V. Then, the
output voltage of the tube-based TENG can be further improved to 461 V by
replacing water with NaOH solution and an impressive peak power density of
1910 Wm™3 and an average power density of 459 Wm™3 can be achieved. Addi-
tionally, the demonstration shows that the solution-tube-based volume effect

such as mechanical vibrations, heat and
light has been extensively investigated
during the last decade. The emerging
novel power generation technology of
triboelectric nanogenerator (TENG) is
attracting increasing attention due to its
wide application prospect. From small
wearable portable energy devices to the
blue energy harvesting network facing the
ocean, TENGs have shown great poten-
tial.l'=3l However, the conventional solid-
solid-based TENG devices often face a
difficult problem to balance. On the one
hand, in order to obtain high output, the

TENG can work well at various operation modes and generate power from
multiple mechanical energy sources. In addition to wearable human motion
energy recovery, wave energy recovery, and electrochemical cathodic protec-
tion systems, the device also shows its application potential in biochemical
sensing based on the solute concentration-dependent output signal.

1. Introduction

With the aggravation of energy crisis and environmental prob-
lems, clean and sustainable energy harvesting devices capable
of extracting electrical energy from ambient environments,
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intimacy contact and sufficient interaction
between the two tribo-materials should
be realized. But the sufficient interac-
tion would simultaneously aggravate the
abrasion and consumption of the fric-
tion materials. To solve this problem,
various strategies have been proposed,
such as using soft contacted structure/materials to enhance
the effective contact area,*®l employing the non-contact mode
to reduce the abrasion of material,”! or utilizing a boundary
lubrication film.[®]

In addition to the solutions mentioned above, TENGs
based on solid-liquid interface can also resolve these prob-
lems. Water, with its natural softness and flexibility can
contact the solid surface intimately and barely abrade solid
surfaces. Besides, the TENG based on solid-liquid interface
has an inherent advantage of humidity resistance.’) Unfor-
tunately, for a long time, most solid-liquid TENGs typically
consist of a hydrophobic electret polymer layer for creating
contact electrification with water and a metal electrode for
charge collection. However due to the single-electrode design,
they can only utilize half of the triboelectric charges and thus
exhibited limited energy conversion efficiency.l'! Recently
Wang et al. demonstrated a droplet-based electricity gener-
ator with double-electrode architecture. This device architec-
ture allows for the formation of a closed-loop circuit when an
impinged water droplet on top polytetrafluoroethylene (PTFE)
surface spreads to the aluminum electrodes, resulting in a
extremely high power density."1? As the spreading of the
droplet bridges the disconnected components into a closed-
looped, electrical system and transforms the conventional
interfacial effect into the desirable so-called ‘volume effect’.
However, at present, TENGs based on volume effect mainly
focus on recovering the mechanical energy of flowing water
droplets or water columns.3 Thus, the water here is a
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disposable friction material, which cannot be reused directly.
As a result, their application fields are limited. On the other
hand, in tube-based solid-liquid TENGs, water can be used
as a reusable friction material to give better play to its advan-
tages by sealing water in a confined space.l'>V] However, the
performances of tube-based solid-liquid TENGs need to be
further improved.

In this work, the volume effect is successfully integrated
into the tube-based TENG, which improves the output perfor-
mance by two orders of magnitude compared with ordinary
single electrode device. Moreover, by adding a certain concen-
tration of alkaline solution, the performance of the device is
further improved. At the same time, the effects of a series of
salt or acidic solutions on the performance of the device are
also discussed. Furthermore, the applications of the device
in wearable mechanical energy recovery device, wave energy
harvesting and electrochemical cathodic protection system are
demonstrated.

Cu wire

Cu foil [
PTFE tube

e— PTFE cover

www.afm- ]ournal de

2. Results and Discussion

Figure 1a illustrates the device configuration of the solu-
tion-tube-based volume effect triboelectric nanogenerator
(STVE-TENG). A PTFE tube (with the length of 10 cm and
outer diameter of 1.8 c¢m) was utilized as a negative tribo-
material and the container of the water or solution. DI water
or solution containing different solutes was filled into the
PTFE tube as the positive tribo-material. The two ends of
the tube were sealed by PTFE cover. A circle of Cu wire was
arranged at the bottom of one cover and led out through a
small hole as one of the electrodes. A Cu tape was wrapped
in the middle of the outer surface of the tube as another elec-
trode. Figure 1b shows the photo of the device. Figure 1c shows
potential applications of the device, such as self-powered buoy
system, wearable self-powered device, TENG networks for har-
vesting large-scale blue energy or self-powered electrochemical
cathodic protection system.

Self-powered electrochemlcal cathodic protection system

aidmle.

.,,\.

y\

~\
Self-powered bugy system

78

i s ,i

TENG networks for harvesting Iafgg—SCale blue energy

Figure 1. The structure of the STVE-TENG and its potential application scenarios. a) Schematics of the STVE-TENGs. b) Photograph of the STVE-
TENGs. c) Application potential of the STVE-TENG in wearable or wave energy collection and electrochemical cathodic protection system.
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Figure 2. Electrical output characteristics and the working principles of the STVE-TENGs. a) The output performance of the tube-based TENG without
end electrode. b) The output performance of the STVE-TENG. c) The output voltages of the STVE-TENGs as a function of the volume of water added.
d,e) The working principles of the STVE-TENGs when 1 and 5 mL water are added respectively. f,g) Characteristics of output voltage signals of the
STVE-TENGs with 2 cm wide Cu foil electrode when adjusting the spacing between Cu foil electrode and end electrode.

By comparing the performance of devices with and without
end electrodes as shown in Figure 2a,b, the importance of intro-
ducing volume effect to improve the output performance of
the device is reflected. It can be seen that the output voltage of
the device without end electrode is 7 V, and the output voltage
of the device increases to 240 V after adding end electrode
(Video S1, Supporting Information). The corresponding short-
circuit current also increases from 11 pA increased to 56 HA.
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The improvement of performance proves that the volume effect
has been successfully applied in our device. Then to optimize
the system performance, a series of devices with different geo-
metric parameters were fabricated. First, the width of Cu foil
has been adjusted. From Figure S1 (Supporting Information),
it can be seen that the outputs of STVE-TENG are positively
proportional to the width as well as the area of the electrodes.
Using a STVE-TENG unit with the tube diameter of 1.8 cm
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and Cu foil electrode width of 5 cm, outputs of 240 V were
achieved. Then the volume of water in the device is discussed
as another parameter. It can be seen that, when the volume of
water changes from 1 to 8 mL, the characteristics of the output
electrical signal show a significant change (Figure 2c). Through
experiments, we found that the main reason for this result is
that the working mechanism of the device is different when
there is only 1 mL water.

Figure 2d,e describe the working principle of the device
under two different conditions. According to the triboelectric
series, water is much more positive than PTFE. Thus, after
the device starts to operate, the PTFE surface will soon be
negatively charged under the interaction of water flow and
PTFE surface. When 1 mL water is filled, due to its small
volume, only a small part of the device can be covered in the
flow process (Figure 2d). Then, as shown in Figure 2d(i,ii),
when water flows from the end electrode side to the other
side, a potential difference is formed between the Cu foil
electrode and the end electrode due to the neutralization of
the positive charge in the water to the negative charge on the
corresponding PTFE surface above the Cu foil. Accordingly,
electrons flow from the end electrode to the Cu foil elec-
trode. As the water continues to flow (Figure 2d(iii,iv)), the
neutralization disappears, so the device generates a reverse
current. Next, as shown in Figure 2d(v,vi), when 1 mL water
flows toward the end electrode side, due to its small size, it
is unable to contact the end electrode immediately. There-
fore, as mentioned above, the potential difference caused by
the neutralization phenomenon will produce a current. Then
the water continues to flow and contacts the end electrode,
triggering the volume effect, so a strong output signal can be
obtained (Figure 2d(viii)). When the volume of water changes
from 2 to 5 mL, the basic working principle is similar. The dif-
ference is that due to the larger volume of water, only a small
tilt amplitude can trigger the volume effect (Figure 2e(vi,vii)).
Therefore, compared with Figure 2d, the time of triggering
the volume effect is advanced, resulting in the opposite direc-
tion of the high voltage output signal.

In order to prove that this sharp signal peak is caused by
the instant of contact between water and end electrode, we did
the following experiments. As shown in Figure 2f, when the
width of the Cu foil electrode is reduced and the position of
the Cu foil on the PTFE tube is moved at the same time, the
corresponding time point of contact between water and the end
electrode can be adjusted. It should be noted that the positive
probe of the oscilloscope is connected to the Cu foil electrode
and the negative probe is connected to the end electrode in the
experiment. Therefore, as the liquid flows closer to the Cu foil
electrode and farther away from the Cu foil electrode, a rela-
tively slow changing positive signal and a negative signal can
be obtained respectively, which is similar to the device in the
single electrode mode. Moreover, at this time, the volume of
water in the tube is 1 mL. Due to the hydrophobic property of
PTFE, when the tube is laid flat, the water column is distrib-
uted in the middle of the tube and there is no contact with both
ends.

Thus, in case 1, as the right end of the tube rises, the liquid
has contacted the end electrode while flowing to the Cu foil
electrode and completely covering it. Therefore, with the
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inherently slow changing positive signal, there is a sharp posi-
tive signal due to the volume effect being triggered. It can be
simply understood that in this case, the volume effect helps
electrons flow from the end electrode to the Cu foil electrode.
In case 3, since the distance between the Cu foil electrode
and the end electrode is very long, only a part of the Cu foil
electrode is covered by the solution when it is laid flat. When
the right end of the tube rises, the solution moves away from
the Cu foil electrode. Then, when only a small part of the Cu
foil electrode is covered by the liquid, the liquid contacts the
end electrode and triggers the volume effect. Therefore, there
is a sharp negative signal at the end of the inherently slow
changing negative signal. Correspondingly, it can be simply
considered that the volume effect helps electrons flow from
the Cu foil electrode to the end electrode. Accordingly, since
the position of the Cu foil electrode in case 2 is between the
above two cases, the position where the sharp negative signal
occurs is also between the above two cases. These results show
that the sharp output peak is indeed caused by the volume
effect triggered by the contact of water with the end electrode.
Meanwhile, the working mechanism we hypothesized is also
reasonable.

The above results have proved that the performance of
STVE-TENG has been greatly improved by introducing volume
effect. Then, the performance of STVE-TENG was further mod-
ulated by adjusting the salt concentration or pH value (Figure 3).
First, to evaluate the response of the STVE-TENG to different
pH of solution, we tested the devices containing different acid
or alkali concentrations. The electrolyte was obtained by dis-
solving NaOH and KOH or diluting high concentration HCI
into water. First, when an alkaline solution was used, as more
hydroxyl ions were provided and enhanced the charge density
at the PTFE surface, the output voltage increased from 300 to
461 V when the concentration of NaOH was elevated from
0.1to 1mwm (Video S2, Supporting Information). This is because,
it is known that fluoropolymer materials tend to absorb negative
charges, i.e., hydroxyl ions, from water, which significantly con-
tributes to the charge storage and therefore plays an essential
role in the output characteristics of liquid-solid TENGs.[18-20 At
the same time, it is remarkable that when the concentration of
NaOH solution in the device is 1 mwm, the short-circuit current
of the device reaches =880 pA (Figure S2, Supporting Informa-
tion). However, when the concentration of NaOH was further
increased from 2 to 100 mw, the output voltage dropped again,
and this is likely due to the excessive number of negative ions
hindering the reservation of positive charges on the droplet sur-
face during the friction.'%?!l When NaOH solution is replaced
by KOH solution, it also shows a similar trend (Figure S3,
Supporting Information). Since the Cu wire electrode will
be in direct contact with the solution, we also tested the
stability of the device. From Figure S4 (Supporting Informa-
tion), it can be seen that for NaOH solution, the performance
of the device is basically stable during 24 h. of continuous oper-
ation. In addition, the device has similar high output voltage
and excellent stability after replacing Cu wire electrode with
Ni wire electrode. However, when Al wire is selected as the top
electrode, the output performance of the device shows a con-
tinuous downward trend. This is because Al reacts with NaOH
solution to change the composition of the solution.
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Figure 3. Output performance of the STVE-TENGs after adding different salt solutions or alkaline solutions. a) Output voltages of the STVE-TENG, as
a function of NaOH concentration. b) Output voltages of the STVE-TENG, a function of different concentrations of different salts. c) Charge density
generated from different types of tube-based TENGs with different solution. d) Evolution of current peak and power peak with the increase of external
resistance for the STVE-TENGs with 5 mL of 1 mM NaOH solution. e) Comparison of the peak power density and charge density value obtained in this
work with other reports.[1677-32] (Reference information: Reproduced with permission.?’] Copyright 2020, John Wiley & Sons. Reproduced with permis-
sion.l8 Copyright 2018, John Wiley & Sons. Reproduced with permission.[?°l Copyright 2019, Elsevier. Reproduced with permission."®l Copyright 2021,
John Wiley & Sons. Reproduced with permission.% Copyright 2021, John Wiley & Sons. Reproduced with permission.” Copyright 2022, John Wiley &
Sons. Reproduced with permission.4 Copyright 2020, John Wiley & Sons.)

Then, we found that as the concentration of HCl in the  Supporting Information). Low concentration HCl showed
solution increases from 0.1 mm to 5 M, the output voltage  better performance than DI water because it increases the
decreased monotonically from 360 to 2 V (Figure S5, conductivity of the solution.?% At the same time, due to the
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concentration of hydroxyl ions is largely reduced in the acidic
solution as compared to DI water, the density of the trapped
negative charges at the PTFE surface is reduced accordingly.
Therefore, its output performance was weaker than that of
device containing NaOH solution, and decreased faster with
the increase of HCI concentration. When the concentration of
HCl increased to 10 M, the polarity of triboelectricity reversed
(=22 V). This is due to the relative excess of hydrogen ions
in the solution, and a large amount of hydrogen ions are
adsorbed on the surface of PTFE. The effect can be seen as
the formation of a new positively charged surface. The cor-
responding transferred charge of devices containing HCI solu-
tions with low (0.1 mm) or high (10 M) concentration also con-
firms above results (Figure S6, Supporting Information).

Other salt solutions, including MgCl,, CaCl,, NaCl, and
KCl solutions, are also measured here. As shown in Figure 3b
and Figure S7 (Supporting Information), the output of STVE-
TENG based on these kinds of solutions is similar to that of
STVE-TENG based on NaOH solution, they all showed a trend
of first increasing and then decreasing. In the low concentra-
tion range, the output voltage shows a gradual upward trend.
One possible explanation is that within a certain concentra-
tion range, the salt solution with a certain conductivity will
promote the conversion between the built-in electric field of
the interface, because the low concentration of salt concentra-
tion will behave more like a conductor with the increase of
the conductivity.??l Therefore, electrons will be more easily
transferred from the sliding surface of water to another. As
the previous study indicated that the introduction of ions will
cause the inhibitory effect of electron transfer, so there will
be competition between ions and electrons.?3l Due to the pos-
sible competitive effect of electron transfer and ion absorption
with ion concentration changes in this process, and finally
shows the variation law of output performance on ion concen-
tration.? The above result show that the performance of our
devices can also be improved by simply adding a salt solution
similar to seawater without environmental pollution. At the
same time, because the performance of STVE-TENG changes
with the change of concentration of salt or acid/base in the
solution, which shows its application potential in the field of
biochemical sensors.[?>2% Due to its relatively low selectivity,
it is still mainly limited to concentration sensing. The corre-
sponding transferred charge of devices containing different
solutions also shows similar trends (Figure S8, Supporting
Information).

By varying the external load of the circuit, the output char-
acteristics of the STVE-TENG were obtained and the output
power (P) was calculated through the following equations

Ppeak = I;eakR (1)
T
[REC
Pave = 4 2
- @

where I, is the peak value of the current amplitude, R is the
resistance of the external load, T is the period of the output
and [ is the output current. For our devices, the maximum
output power of 38.4 mW was achieved when the external
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resistance was 1 MQ (Figure 3e). Since the volume of the
device is =20.1 cm?, the peak power density was calculated to
be 1910 Wm™ and the average power density was calculated to
be 459 Wm™3. On the other hand, the volumetric charge density
was calculated to be 1.38 mC m~3. Compared with the existing
devices, it can be seen that although our device does not
have the highest volumetric charge density, it has the highest
peak power density at present.'®?-32 In contrast, the peak
power density of the corresponding single electrode device is
only 2.43 Wm™ (Figure S9, Supporting Information) and the
average power density was calculated to be 0.4 Wm™. Mean-
while, the peak power density of the STVE-TENG with DI water
is =232 Wm™ (Figure S10, Supporting Information) and the
average power density was calculated to be 49 Wm™3. The above
results show that the output performance is greatly improved
after the volume effect is introduced.

The STVE-TENG enabled us to develop a self-powered safety
system and to power LEDs. As can be seen from Figure 4a,b,
the system can be worn on the body or installed on a bicycle.
When worn on the arm, 24 LEDs can be lit by swinging the
arm (Video S3, Supporting Information). This shows its poten-
tial as a wearable power supply for some biochemical sen-
sors.3334 Similarly, as the bicycle wheel rotates, the solution
flows back and forth in the device, and the generated electric
energy can light up 50 LEDs (Video S4, Supporting Informa-
tion). The safety protection function is realized by recycling
the moving mechanical energy and lighting the LEDs. The
electric energy generated by running three devices at the same
time can light up 150 LEDs (Video S5, Supporting Informa-
tion). To demonstrate the functionality of the STVE-TENG
in practical scenarios, we placed 15 STVE-TENG units into a
sealed box for energy harvesting from water waves. However,
in the real environment, for example, the fluctuation direc-
tion of waves is random. In order to ensure the output per-
formance, the STVE-TENG units were arranged in different
directions. The paralleled STVE-TENG units were connected
with a bridge rectifier to power 150 LEDs that are also placed
in the sealed box. We put this STVE-TENG box into the water
tank. Driven by the wave generated by manually shaking the
tank, the 150 LEDs could be lightened (shown in Figure 4d;
Video S6, Supporting Information). This is very meaningful
because the sea wave energy harvesting based on TENG has
been widely used in many fields such as forecasting in marine
meteorology!*®l and wireless ocean navigation.®!

In addition, according to the cathodic protection effect,
this device can also be used as a power source for protecting
metals from corrosion.?”38] Figure 5a shows the illustration of
the self-powered electrochemical cathodic protection system.
It can be seen that, the positive pole of the rectifier is con-
nected to the Pt electrode, and the negative pole is connected
to the carbon steel. Therefore, the electrons generated by the
STVE-TENG would be poured onto the carbon steel surface
to limit corrosion. The microscopy images in Figure 5b,c
are used to observe the efficiency of cathodic protection, and
the carbon steels after being polished were immersed into
3.5 wt.% NaCl solution from 0 to 6 h. The results show that
the carbon steel surface is completely covered by red rust after
being soaked for 2 h, and the degree of corrosion becomes
worse with the increase of soaking time. However, there is
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Figure 4. The application of the STVE-TENGs. a) 24 LEDs are powered by a STVE-TENG as wearable energy supply devices. b) Demonstration of the
STVE-TENG for harvesting the mechanical energy of rotating bicycle wheels. c) Demonstration of lighting 150 LEDs through 3 working STVE-TENGs.
d) The power package composed of 15 STVE-TENG was used to recover wave energy and lit 150 LEDs.

only a minor traces of corrosion after being soaked for 6 h
with STVE-TENG. Therefore, the cathodic protection system
with STVE-TENG is an effective way of electrochemical corro-
sion protection, which has great application potential in self-
powered anticorrosion protection of ships.

3. Conclusion

In summary, we demonstrated a tube-based TENG whose per-
formance is greatly improved by introducing an end electrode
and alkali solution. The introduction of the end electrode can
successful bring in volume effect. While, alkaline solution can
increase the number of negative charges on the surface of
PTFE. Both of them are conducive to the improvement of the
output performance. In addition, the STVE-TENG also shows
sensitivities to salt solution concentration and pH value,
which endow it application potential as a biochemical sensor.
Furthermore, the device is demonstrated to have wide applica-
tion possibilities in the field of wearable kinetic energy col-
lection, wave energy collection and electrochemical cathodic
protection system.

Adv. Funct. Mater. 2022, 32, 2209100
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4. Experimental Section

Reagents and Materials: Transparent polytetrafluoroethylene (PTFE)
tube (Inner diameter 16 mm, outer diameter 18 mm) was bought from
Taizhou Shunkuo Company, China. Conductive Cu wire with a diameter
of 0.4 mm were purchased from Qinghe shenghang metal material
Company, China. Conductive Cu tapes with a thickness of 60 um were
purchased from Shenzhen Mileqi Company, China. All the chemical
reagents used in this experiment were from Sinopharm Chemical
Reagents Company, and the chemicals were analytical pure and can be
used directly.

Preparation of Single Electrode Tube-Based TENG and STVE-TENG:
PTFE tubes with inner diameter 1.6 cm and outer diameter 1.8 cm were
truncated into 10 cm sections. One conducting Cu tape (60 pum thick)
with a tunable width L (L =1, 2, 3, 4, and 5 cm) was bonded to the
outer wall of PTFE tube as the external electrode. The two ends of the
tube were sealed by PTFE covers. For the STVE-TENG, the Cu wire with
diameter of 0.5 mm was arranged at the bottom of one cover and led out
through a small hole as the end electrode. Different kinds of solutions
(5 mL) were then filled into the PTFE tubes. Both ends were sealed with
sealing film to finish the device fabrication.

Characterization: The output currents and voltages were performed
by a low-noise current preamplifier (SR570, Stanford Research Systems,
Inc., Sunnyvale, CA, USA) and a digital phosphor oscilloscope (DPO
3052, Tektronix, Inc., Beaverton, OR, USA). The charge density from
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Carbon steel

Figure 5. Self-powered electrochemical cathodic protection system based on STVE-TENGs. a) Schematic diagram of Q235 carbon steel cathodic pro-
tection experiment setting in 3.5 wt.% NaCl solution. Microscopy images of the Q235 carbon steel immersed in 3.5 wt.% NaCl solution for 0,2,4, and

6 h, separately, connected b) without and c) with STVE-TENGs.

the output signals was measured using an electrometer (Keithley 6514,
Cleveland, OH, USA).Informed signed consent was obtained from the
volunteer for harvesting the mechanical energy of human motion.

Supporting Information

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