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The charge generation due to the interaction between solids and liquids is an important branch
for microenergy collection. This work presents a wiping-type semiconductor-liquid generator, which
provides an ultrahigh transferred charge density of 186 mC m™2. Underwater Kelvin probe force
microscopy reveals that different aggregation states of water molecules on the surface of both metals
and silicon result in different interfacial dipole moments and surface fields, which greatly change the
output voltage of the device. The generator has a free-standing working mode with no wire-
connection to the movable liquid, and the utilization of water-bearing solid materials constrains the
liquid in a more controllable state, which can enhance the robustness and the scope of application of
the device. Accordingly, it can be used to harvest energy from the frictional motion of hydrated
biological tissues, including both tongue licking and eyelid blinking. A smart contact lens is also
fabricated and an average current density of 0.05 A m~2 is obtained from the eyelids of rabbits. This
work expands the application fields of solid-liquid generators and the physical analysis of underwater
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surface potential can also elucidate various electronics processes happening on the liquid—semicon-

rsc.li/ees ductor interface.

Broader context

This work introduces a novel wiping-type semiconductor-liquid generator, presenting a breakthrough in microenergy harvesting. By achieving an ultrahigh
transferred charge density of 186 mC m™?, this device enables the direct collection of triboelectric energy from hydrated biological tissues, exemplified by a
smart contact lens and energy harvesting from rabbit eyelids. This development expands the application fields of solid-liquid generators, pushing the
boundaries of micro-nano energy harvesting and sensing. Moreover, through underwater Kelvin probe force microscopy, the study offers valuable insights into
the physical analysis of surface potential under different aggregation states of water molecules on various surfaces, shedding light on a broader understanding
of energy generation processes at solid-liquid interfaces. The proposed free-standing working mode, eliminating the need for wire connection to the liquid,
significantly broadens the applicability of this wiping generator, opening new possibilities for energy harvesting from a range of kinetic motions, including
those exhibited by biological systems. These advancements not only enhance our capacity to harness mechanical energy but also pave the way for more
sustainable and robust energy harvesting strategies, with potential implications across energy and environmental science.

oceans.'” Traditionally, electromagnetic generators are the most
widely used technique to achieve high power generation from

Introduction

Water, which covers over 70% of the earth’s surface, contains
vast amounts of energy to be exploited in rivers, lakes and
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the mechanical energy of water, but they also exhibit drawbacks
such as high cost, large volume, and poor robustness. In the
micro-energy harvesting field, a lot of studies have been carried
out to harvest energy from movable water in diversified forms,
such as droplets,*® stream,””® or even vapours.”'® Accordingly, an
evaporation-based power generator has been proposed to generate
energy from vapours,''> while a salinity gradient power
generator™'* can provide continuous current output based
on ion immigration in water. As for the mechanical energy
collection from micro/tiny fluids, the most representative

This journal is © The Royal Society of Chemistry 2024
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methods are droplet-based triboelectric nanogenerators*> >
(TENGs) and tribovoltaic nanogenerators*"*> (TVNG). Both
techniques achieve notable energy output from the charge
generation process happening on liquid-dielectric and
liquid-semiconductor interfaces, respectively. These approaches
effectively collect energy from water and various applications have
been reported based on these diversified droplet generators,
including liquid sensors,”*** smart windows,>>* self-powered
clothing?”® and so on. However, the energy conversion efficiency
of these liquid-based electricity generators is still constrained by
many drawbacks of the liquids. Thus, it is still necessary to
develop more effective and more durable energy harvesting
strategies to fully utilize the mechanical energy at the solid-liquid
interface.

However, there are several unresolved scientific issues,
which hinder the further development of liquid/fluid energy
harvesting. Firstly, the physical understanding of the charge
transfer and ionization process at a solid-liquid interface is
rather limited, and there are not enough experimental meth-
ods to clarify the electrical process happening at the very
interface of solid-liquid contact, including both an insulator
and conductive solid.>**** The influence of localized electric
fields on liquid energy output remains unclear, and a thorough
investigation of this phenomenon could potentially guide the
study of performance modification. Additionally, the operation
modes for collecting the kinetic energy of a liquid are relatively
limited due to the highly variable shape®**° of liquids and thus,
the robustness of the solid-liquid energy generator is rather
weak, compared with a solid-solid type generator. For example,
the kinetic energy of water droplets is collected by exploiting
the contact and separation motion of water droplets on a flat
solid surface, while there are still issues with splashing and
residual droplets. These unhandy working modes also greatly
restrict the application scope of liquid-solid generators.

In this paper, we present a wiping-type semiconductor—
liquid generator (wiping generator) to produce high energy
density from the frictional motion between water-bearing solid
materials and semiconductors. The utilization of water-bearing
solid materials constrains the liquid in a more controllable
state, which can enhance the robustness of the device and
finally lead to an ultrahigh charge density. The measured
output charge density of 186 mC m™> has set a new record
surpassing previous results achieved by both TVNG and TENG.
Moreover, using underwater Kelvin probe force microscopy
(KPFM), we are able to observe a potential drop induced by the
different aggregation states of water molecules on the surface of
different metals and silicon. The observation of this underwater
surface field can elucidate physical understanding of all the energy
generators involving solid-liquid interfaces. In addition, a free-
standing working mode is designed without the need for a wire
connection to the liquid, which greatly expands the applicability of
this wiping generator. Accordingly, it can be used to harvest energy
from the frictional motion of hydrated biological tissues, including
both tongue licking and eyelid blinking. These devices expand the
application fields of solid-liquid generators and exemplify their
potential in the field of micro-nano energy or sensing.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

The design concept of this wiping generator utilizing solid
materials bearing water and semiconductors is illustrated in
Fig. 1a, where the wiping motion of an absorbent cloth across
the top surface of the device can generate notable current
between two electrodes. Different from traditional TVNGs and
droplet generators, ultrahigh energy density has been achieved
through structural design and operation modifications. When
the water-bearing solid comes into contact with the top
electrode, although the insulation layer still exists, water acts
as a conductor to connect the upper electrode with the semi-
conductor, forming a circuit. This interaction precipitates the
genesis of a current loop, which originates from the semi-
conductor’s upper surface and is directed towards the lower
electrode. This results in the induction of a pulse current,
which serves to neutralize the built-in field present at each
interface. Then, as the water-bearing solid slides or moves
away, the current loop is interrupted until the next contact
occurs. Due to the softness of the absorbent cloth and the
lubricating effect of water, the device exhibits excellent dur-
ability. The inset Fig. 1a(i) and (ii) depict the surface scanning
electron microscopy (SEM) images of both the traditional solid-
solid sliding TVNG and the wiping-type generator after under-
going 30 sliding cycles. As for the material selection for the
wiping object, it is necessary to consider softness, high absor-
bency, fine villous microstructure, and durability. Table S1
(ESIY) illustrates our experimental attempts with various mate-
rials, including absorbent cloth, paper, regular silk, printing
paper, and foam plastic. The absorbent cloth made of ultra-fine
fibers (eyeglass cloths) was chosen for conducting our experi-
ments in order to achieve optimal and outstanding results.
As shown in Fig. 1b, the presence of water initially induces a
change in the surface potential of Al and Si, leading to the
formation of a new equilibrium of charge carriers. The wiping
process, as well as the subsequent evaporation process, dis-
rupts this equilibrium, resulting in the movement of electrons
and holes. At this moment, the circuit is established, and an
output current is generated to the external environment. Fig. 1b
also shows the structural design and operational principle of
the device. Specifically, both the top and bottom electrodes are
attached on the surface of the Si substrate. The top electrode is
separated from the Si substrate by an insulating buffer layer to
prevent the direct formation of heterostructures. This design
buries the wires underneath the semiconductor silicon, creat-
ing a compact structure and free-standing working mode.
In the initial state, the charge carriers within the silicon wafer
reach equilibrium in their natural state. Then, when the
absorbent cloth connects the Al electrode and Si, a new
equilibrium is established. Next is rapidly wiping, and this
motion disrupts the equilibrium, causing the ions within the
water bridge to experience polarization between the Al and Si,
resulting in the generation of a current loop from the top
surface of the semiconductor to the bottom electrode. Finally,
as the absorbent cloth leaves the surface of the device, any
residual traces of water evaporate, returning the system to its
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Fig. 1 The general structure of a wiping-type semiconductor-liquid generator utilizing water-bearing solid materials. (a) The operation status of the
wiping generator. (The inset graphs (i) and (ii): SEM comparison of the wiping type generator and a traditional solid—solid sliding TVNG.) (b) The working
mechanism of the wiping generator. (The ions inside the water bridge undergo polarization between Al and Si, leading to the generation of a current loop
from the top surface of the semiconductor to the bottom electrode.) (c) The capacitance model of the wiping generator when wiping.

initial state. The equivalent circuit of this process is depicted in
Fig. 1c. In the absence of a wet conductor connection on the
device surface (due to the weak ionization of DI water, it can act
as a conductor), the entire circuit remains open. Capacitor C; is
formed between the Si substrate and the lower electrode.
Additionally, capacitor C, is formed between the upper surface
of the Si and the aluminum (Al) electrode. The overall circuit
impedance is denoted as Rg. However, the situation changes
when a conductor connects the Si substrate with the Al elec-
trode. In this case, water forms a capacitor (C;) and also closes
the circuit. This connection also increases the resistance of the
water, denoted as Ry.

A diagram showing the disassembled structure of the
wiping-type generator is shown in Fig. 2a. It consists of a
four-layer structure, and the specific production method can
be found in the Methods section. A flat Si wafer is utilized as
the substrate, where HF (hydrofluoric acid) solution is
employed for pretreatment to remove the surface oxide layer.
The X-ray energy spectrum indicates a significant reduction in
the concentration of oxygen element on the surface of the
treated Si wafer (the result is shown in the ESIf Fig. S1).
A layer of aurum (Au) electrode is magnetron sputtered onto
the unpolished surface of the Si wafer to serve as the bottom

6584 | Energy Environ. Sci., 2024, 17, 6582-6593

electrode. For the top electrode, conductive Al is employed, and
there is an ultra-thin insulating polyacrylate adhesive (VHB)
between Al and Si as a buffer layer. Absorbent cloth, which is
highly flexible and filled up with water, establishes excellent
contact between the Al and the Si wafer through a water bridge.
The insulated buffer layer separates Al and Si, preventing them
from forming a heterojunction in the initial state. By integrat-
ing Al and Si into a fixed terminal through the insulating
layer, the wiping process with an absorbent cloth is utilized
to generate and remove water bridges. This structural design
eliminates the need for a moving electrode and forms a
compact structure, simplifying the entire device and expanding
its potential applicability. Furthermore, we have employed a
grating shaped top electrode to achieve a larger water-bridging
contact area between Al and Si. Fig. 2b-e exhibit the ultra-
high energy density output of the wiping generator. The open-
circuit voltage and peak power density of the wiping generator
at different resistances from 100 Q to 50 kQ are shown in
Fig. 2b. The maximum peak power density reaches 2.9 W m >
with a load of 2 kQ. More importantly, even though the
output voltage is limited by the insufficient dielectric properties
of semiconductors, this wiping generator demonstrates super-
ior output current and ultrahigh transferred charge density,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 High performance demonstration of the wiping type semiconductor-liquid generator. (a) The dismantled structure of the wiping generator.
(b)—(d) The transfer charge, short-circuit current and peak power density of the wiping generator. () Charging curve of a 4.7 uF, 10 pF, 20 pF, 30 pF and
50 pF capacitor using the wiping generator for 6 s. (f) The wiping generator uses a circuit management system to light up a LED.

as shown in Fig. 2c and d. The effective area during sliding
corresponds to the exposed surface area of the Si wafer.
For a device with dimensions of 1 x 1 cm?, where half
of the area is covered by electrodes, the effective contact
area would be 0.5 cm?®. Consequently, the calculated charge
density is 186 mC m™?, and the current density is 9.6 A m™ 2.
With capacitive charging, the capacitors of 4.7 pF, 10 uF,
20 pF, 30 uF and 50 pF are charged for 6 s with a wiping
frequency of 0.3 Hz, as shown in Fig. 2e. To demonstrate its
high charge density, as shown in the ESI,{ Video S1 and
Fig. 2f, the 1 x 1 cm® device can power a LED using a circuit
management device. This device operates with the help
of a multi-stage boost circuit that takes advantage of the
characteristics of multiple parallel-switching channels and
energy storage elements capable of maintaining a constant
voltage across their terminals while storing energy. Through
series-parallel conversion, the device gradually transfers
energy to the next stage. When switches S;_g are closed,
the wiping generator charges four capacitors C;_4 (4.7 UF)
simultaneously to approximately 0.5 V. Then, when S,_g are
opened and So¢_q, are closed, the power stored in the four
capacitors is quickly transferred to the LED, and four 0.5 V
capacitors connected in series are sufficient to light up the
LED. By using this switching method, one wiping motion is
enough to light up the LEDs, demonstrating an ultra-high
charge density.

This journal is © The Royal Society of Chemistry 2024

To optimize the working performance of the wiping gen-
erator, various control parameters of the device have been
studied. ICP etching is used to create micro nano structures
on the Si surface to increase its contact area. As shown in
Fig. 3a, after the etching, the generator fabricated with the Si
wafer exhibits a slight increase in current compared to the
unetched one, which is attributed to the increased effective
contact area. Although the surface of Si becomes more hydro-
phobic, in our structure, water is confined within the absorbent
cloth and tightly pressed against the surface of the Si wafer,
resulting in an enlarged contact area. In addition to Si wafers,
several other commonly used semiconductors, such as GaAs,
InP, and GaN, are tested and the related open-circuit voltage is
shown in Fig. 3b. While GaAs offers the highest voltage, the
current density is not significantly high. Therefore, in our
experiments, we opt to use single-crystal silicon as the substrate
material. Similar to Si, these semiconductors demonstrate
excellent capabilities for direct current output when employed
as substrates, demonstrating the universal applicability of this
structure for energy harvesting in other semiconductors.
In fact, for the wiping generator, due to the combined effect
of the electrode and silicon wafer ions in water inducing
charges, there is an optimal ratio of the silicon wafer and
electrode area to achieve maximum output. Therefore, we fix
the electrode area at 10 mm® and gradually reduce the surface
area of Si to measure the current density, obtaining an increase

Energy Environ. Sci., 2024,17, 6582-6593 | 6585
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Fig. 3 Factors that affect the output of the wiping generator. (a) The influence of surface etching on Si wafers. (b) The voltage output when using
different semiconductor materials as substrates. (c) The output current density of the wiping generator under different exposed Si areas. (d) The effect of
soaking solution on current density. (e) The influence of Si wafer resistivity on current density. (f) A transfer charge density comparison with previous
studies of TVNGs and TENGs. (g) A transfer charge density comparison with previous studies of solid—liquid generators.

in current density from 1.5 Am™> to 16 A m™>. By conducting

experiments with different liquids as the medium, it has been
found that the electrical conductivity of the liquids significantly
affects the current output. The electrical resistivity of various
liquids is provided in the ESI,f Table S2, and as depicted in
Fig. 3d, where C,H;OH exhibits a considerably low conductivity
due to its low ion concentration in solution, resulting in a
significantly low output current. However, as the conductivity
increases, a 1 M Na,COj; solution demonstrates a high output
current as 0.5 mA. The increase in solution conductivity leads
to more ions being polarized between the Si and Al, thereby
facilitating the migration of more charge carriers and resulting
in increased current. Moreover, it is found that during mea-
surements, both NaCl and Na,COj; solutions lead to a decrease
in the stability of the output. Additionally, due to the potential
corrosiveness of NaCl and Na,CO; solution towards metal
electrodes, we do not recommend their practical application.
Compared with TENG and TVNG devices, the advantage of this
wiping generator is the ultrahigh output current and trans-
ferred charge density. As marked in Fig. 3f, g and Tables S2, S3
(ESIT), the maximum output charge density of this
wiping generator is 1.3 times that of the highest previous
records.’®2%3¢*8 Different from traditional TENG and TVNG,
it has the merit of a special operational mode, resulting in

6586 | Energy Environ. Sci., 2024, 17, 6582-6593

distinct output characteristics. Compared with the solid-liquid
generator, the charge density also far exceeds the previous
TENG and DEG. It is also necessary to point out that the output
voltage of this wiping generator (around 1.0 V) is jeopardized by
the insufficient dielectric performance of the semiconductor
and the overall power density of this wiping generator is also
influenced by this low output voltage. However, by conducting a
thorough and comprehensive mechanistic analysis, it is possi-
ble to further improve the output voltage and ultimately achieve
an increase in power generation. However, compared with
traditional TVNG and TENG, this wiping generator has these
advantages: liquid lubrication on the semiconductor surface
provides higher durability for the generator; its structure
reduces the dependence of mobile terminals on wires, making
the generator more suitable for applications in complex sce-
narios, and the fixed shape of the liquid increases the robust-
ness of the entire device.

To investigate the working mechanism of the wiping
generator, we used Kelvin probe force microscopy (KPFM) to
measure the surface potentials of several metals. The surface
potential of Si, Al, Ag, Zn, Ni, and the reference Au in the air was
measured by KPFM in a conventional manner, and as shown
in Fig. 4a-f. However, to our surprise, the output voltage
of the wiping generators made from these metals exhibit no

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The physical mechanism of the wiping generator to improve the energy density of generators. (a)—(f) The surface potential of Si and metals Al, Ag,
Zn, Ni, and Au measured using KPFM in air. (g) /-V characteristic curve of the generator in the contact state from —1to 2 V. (h) Comparison of the wiping
mode wiping generator output using either a dry or wet absorbent cloth for wiping. (i) A detailed variation diagram of the current.

consistent correlation with the difference in surface poten-
tial (¢p) between the metals and Si, which inspire us to consider
the key role of water in this process. In order to rule out the
contribution of triboelectrification to the operation, we further
study several influencing parameters of this wiping generator.
When the device is wiped with the same absorbent cloth but
when it is either wet or dry, there is a significant difference
in the generated current with a magnitude variation over 1000
times (as shown in Fig. 4g), which fully demonstrates that
liquids play a decisive role in the power generation device.
As depicted in Fig. 4h, the heterojunction of Al/deionized (DI)
water/n-Si displays favorable rectification characteristics when
a bias voltage ranging from —1 to 2 V is applied in the contacted
state. This behavior can be attributed to the heterojunction
behavior at the liquid-semiconductor interface. The enlarged
output signal of the wiping generator is shown in Fig. 4i. When
the water-bearing cloth contacts with the device, the circuit
closes and the appearance of the water bridge leads to a new
equilibrium of charge carriers, resulting in a weak current
signal. As the water-bearing cloth is wiped across the surface
of the generator, the old equilibrium is disrupted and a new
equilibrium is formed. The ions in the water bridge are induced
to reorganize, with negative ions induced near Al and positive
ions induced near Si. At the same time, opposite charges are
also induced on the two electrodes, causing sharp current
signals to be generated through external circuits. The absor-
bent cloth slides over the surface of the device, causing a large

This journal is © The Royal Society of Chemistry 2024

area change (AS) in a short period of time. When the AS due to
the coverage of absorbent cloth reaches its maximum value, the
current also reaches its peak value.

Previous studies related to liquid-semiconductor generators
have seemingly overlooked the influence of the water dipole on
the output performance of the generator. In this work, the
underwater surface potential is measured by using a self-made
dual harmonic Kelvin probe force microscope (DH-KPFM), as
shown in Fig. 5a. In the DH-KPFM measurements, the induced
surface potential of the sample underwater is calculated by
using the amplitude of the cantilever oscillation at w and 2w
frequencies, as well as the phase shift of the cantilever oscilla-
tion at w frequency. Instead of applying a direct current (DC)
compensating bias, these measurements are performed with-
out the application of a DC bias. Since no DC bias is applied,
the ions or polar molecules in the liquid remain in a quasi-
static state during the measurement and do not migrate or
decompose. Therefore, DH-KPFM can be used in liquid envir-
onments, including polar liquids such as deionized (DI) water.
The surface potential is ultimately calculated as follows:***°

Ay cos(0y) Vac

Ve
b A2a) 4X, gain

where Vepp is the surface potential, A, and 4,, denote the
amplitude of the tip at the w and 2w frequencies, 0,, is the
phase shift at the w frequency, V,. is the amplitude of
the applied AC bias, and Xy, denotes the ratio between

Energy Environ. Sci., 2024, 17, 6582-6593 | 6587
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two Q factors of the tip at the w (the resonant frequency of the
cantilever) and 2w frequencies.

Fig. 5b summarizes the surface potential of metal and Si in
the air, the induced surface fields (potential drop) underwater
and the output voltage of the metal-Si wiping generator
(the detailed data are given in the ESL Fig. S2). Due to the
presence of water on the metal surfaces, the work functions of
all these solid materials have been changed by the induced
underwater interfacial potential. However, as depicted by the
purple bars in the figure, the potential changes induced by
water are different for each solid, and some may even exhibit an
opposite polarity shift, such as Zn. Previous studies suggest
that H-bonding and water-metal bonding are the primary
factors controlling the structure of water coverage on metal
surfaces.”® From a macroscopic potential characterization
standpoint, our study provides evidence of the different aggre-
gation states of water molecules on the surface of different
metals. Therefore, we attribute these variations to the influence
of the metal surface lattice on the dipole arrangement of water
molecules on the metal surfaces, as shown in Fig. 5c. Different
water-metal bonding causes the angle (0) between the dipole
plane of adsorbed water molecules and the metal surface to
vary. The adsorbed water’s dipole moment leads to changes in
the surface fields (potential drop) of the metal under the
influence of water. Therefore, the output voltage of the device
is related to the combination value of the work functions of the
metal and Si surface and the interfacial dipole moments at
the solid-liquid interface. Here, the calculated underwater
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surface potential is probed at a distance of 50 nm from the
solid surface. The detailed surface potential is not exactly equal
to the work function change of the solid materials, but the
polarity and the amplitude of the surface potential can be used
as the reference to show the strength of the interfacial dipole.
Taking Al (4.54 eV) as an example, water causes a decrease in
the surface potential of Al and an increase in the surface
potential of Si. This leads to an expansion of the difference in
surface potentials between the two, ultimately resulting in the
maximum output of the Al-Si wiping generator. Additionally,
for the metal Zn (4.70 eV), water causes a significant decrease
in the surface potential of Zn, leading to a reversal in voltage
direction for the Zn-Si wiping generator, which further con-
firms our conclusion. It is important to note that by measuring
the output voltage of the external circuit, we can only roughly
determine the total potential drop across the whole device.
Only by utilizing this kind of underwater KPFM, are we are able
to directly test the specific variations in surface potential
underwater for each solid material, leading to a complete
physical picture of the device. Based on the aforementioned
research, we summarize the working mechanism and princi-
ples of the wiping generator. Fig. 5d presents the energy band
diagram of the wiping mode TENG. When there is no water as a
medium in the structure, the Al and Si are actually completely
separated because of the existence of an insulation buffer layer.
The presence of a buffer layer has transformed the previous
movable upper electrode into a fixed terminal, integrating the
entire device into a free-standing unit. Then, when the water is

This journal is © The Royal Society of Chemistry 2024
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a medium existing on the Al and Si surface, due to the weak
ionization of water, the Al/DI water/Si form a heterojunction.
Simultaneously, the interfacial dipole of water causes a shift at
the Al/DI water and DI water/Si interfaces. In the p-type Al-Si
wiping generator, the Fermi level (Er) of Al is higher than that of
Si. When the water leads to the formation of heterojunctions
between the two, electrons flow from Al to Si due to the
difference in Fermi energy level. This results in the band on
the Si side bending downwards, and the Er is aligned across the
device and the vacuum level (E,,.) offsets are established to
compensate for the work function difference between adjacent
layers. Meanwhile, the surface electric field caused by different
dipole orientations of the water change the potential energy
difference. However, the changes in surface potential caused by
the adsorbed water dipoles vary for different metals. As shown
in the ESI, T Fig. S3, for Zn, the effect of dipoles is similar to that
of Al, resulting in a significant decrease in surface potential and
a reversal in voltage direction for the Zn-Si wiping generator.
On the other hand, for Ag and Ni, the effect of dipoles is
opposite to that of Al, leading to an increase in surface potential
and a decrease in their output voltage. The insights gained
from our research can inspire future studies to explore the
effective manipulation of the electric fields at the solid-liquid
interfaces. By optimizing the electric fields at both the electrode
and semiconductor surfaces, we can further enhance the
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output voltage of the wiping generator. This approach shows
promise for achieving higher energy generation efficiency and
advancing the field of solid-liquid power generation.

The free-standing mode of this wiping generator does not
require a wire-connection to the mobile terminals and allows
for its operation under wet conditions, significantly expanding
its potential applications. In order to expand its applications,
we have considered utilizing the wiping generator as a power
source or sensory module for smart contact lenses,”" harnessing
the energy generated from blinking. Fig. 6a shows the structure
design and schematic images of the wiping generator being
integrated into a smart contact lens. The contact lens is made
of polydimethylsiloxane (PDMS) substrate,> and a generator
unit. In order to balance the compactness of the system, the
power generation system on the contact lens is composed
of 7 tiny wiping generation units connected in parallel.
A flexible silicon wafer of 100 um thickness is used as the
substrate for the wiping generator to enhance its biocompat-
ibility, and Fig. S4 (ESI}) showcases its exceptional flexibility.
Each tiny wiping unit has a size of 1 x 2 mm, with an effective
area of approximately 1 mm?. These micro generators are also
comprised of an Au bottom electrode, Si substrate, VHB buffer
layer, and Al top electrode. In order to minimize discomfort for
biological applications, we have coated the edges of the silicon
wafer with PDMS, creating an embedded structure with silicone

3D printing Ag wi
i prlnhl‘ng g wire
= ~ _»Al electrode
i\ \QV’\ il
[ ] N, * silicon

& B\ ‘\ ~aAu electrode

PDMS substrate

]
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Fig. 6 The wiping generator is applied to generate electricity from hydrated biological tissues. (a) The schematic and physical images of the wiping
generator being made into smart contact lenses. (b) and (c) Hydrophilic properties of the PDMS substrate surface before and after UV treatment. (d) The
SEM of aerosol jet 3D printing Ag wires. (e) and (f) Model and operating mechanism of tongue licking generates electricity. (g) Photographs of the in vivo
test on a live rabbit using the soft, smart contact lens. (h) Diagram of energy output signal when the rabbit is blinking.

This journal is © The Royal Society of Chemistry 2024

Energy Environ. Sci., 2024,17, 6582-6593 | 6589


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee02797c

Open Access Article. Published on 30 July 2024. Downloaded on 6/13/2026 8:49:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

as shown in Fig. S5 (ESIT). This design leaves only the upper
surface exposed, ensuring a smooth surface for wiping. The
circuit connecting these power generation units in parallel uses
aerosol jet printing. Before printing, the surface of PDMS is
cleaned with UV light to decrease its hydrophobicity. Fig. 6b
and c depict the contact angle of the PDMS surface before and
after UV treatment, demonstrating the enhanced affinity for ink
adhesion, ensuring even distribution. Fig. 6d and Fig. S6 (ESIY)
show the aerosol jet printing of the Ag circuit results in a strong
adhesion, providing the circuit with excellent conductivity.
Before the operation of the smart contact lens, we first demon-
strate the feasibility of the energy generation from the sliding
motion of hydrated biological tissues by using tongue licking
(Fig. 6e), where a 3 cm x 3 cm wiping generator is used for
the experiment. Indeed, the tongue is surrounded by saliva,
making it a highly water-rich organ. This high moisture content
makes it challenging to harness for energy generation using
devices like TENGs. However, the tongue has shown remark-
able potential for power generation and sensing applications
in wiping generators. The results are shown in Fig. 6e and
Video S2 (ESIT) and a stable current of approximately 4 puA can
be produced during the tongue licking process, which confirms
the feasibility of bioenergy harvesting. On this basis, we devel-
oped a sensor mask based on a wiping generator (Fig. S7, ESIt),
aimed at promoting communication among paralyzed indivi-
duals. By placing four independent patch sensors on the
inner surface of the mask, they can output signals separately.
Four sensors located in different positions can be used for
simple directional expressions such as ‘“up, down, left, and
right” through the licking action of the tongue. This sensor
provides a new expression form for paralyzed patients with
limited limb mobility. Through the licking action of the tongue,
they can easily convey simple directional expressions. The
design of the sensor allows for direct operation by utilizing
the natural tongue movement of licking. This simplicity makes
it accessible to a wide range of users and reduces the learning
curve related to operating devices. Building upon the successful
experiments with the tongue, a male New Zealand white rabbit
was used for the in vivo experiments for the smart contact lens,
as shown in Fig. 6g. Due to the unpredictable nature of rabbits,
the experiments are conducted under anesthesia. The eyelids
of the rabbits are manually guided during the experiment.
To enhance moisture retention, protect the cornea, and reduce
any potential discomfort during the experiment, sodium hya-
luronate eye drops (Hylo-Comod) are applied to the surface of
the rabbit’s cornea before applying the contact lenses into the
rabbit’s eyes. Using the contact lens, an average output current
of 0.16 pA is achieved, and the maximum current density is
0.05 A m™?, and the experimental process and results are
shown in the ESI{ Video S3 and Fig. 6h. After the rabbit
regains consciousness, it is observed for 24 hours, and no
abnormalities in its eyes are detected. Capacitors can also be
used to store this electrical energy (Fig. S8, ESIt), or the
electrical energy can be directly supplied to other components
on the contact lens, thereby reducing the inconvenience caused
by wire transmission. These applications not only broaden the
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application fields of solid-liquid power generation and TVNG
but also demonstrate the potential of this generator in the
realm of micro-nano energy harvesting and sensing. It signifies
the pioneering integration of a solid-liquid generator with
hydrated biological tissue, facilitating direct interaction between
generator and hydrated organisms. This breakthrough effectively
addresses the inefficiency challenges faced by TENG under wet
conditions and overcomes the inconvenience encountered when
TVNG comes into contact with biological tissues.

Experimental
Materials

The single crystal Si(100) wafers are n type with a thickness of
500 + 25 pm and were bought from Wuxi Jingdian Semicon-
ductor Materials Co., Ltd. The resistivity ranges from 0.001 to
0.01 Q cm, from 1 to 10 Q cm, from 10 to 20 Q cm, and from
20 to 50 Q cm, respectively. The Si wafers used for the smart
contact lens are laser-cut into dimensions of 1 x 2 mm. These
substrates have a resistivity range of 1 to 10 Q cm and a
thickness of 100 + 10 pm.

The single crystal GaN(0001) wafer is n type with a thickness
of 450 + 50 um, the single crystal GaAs(100) to (111) wafer is n
type with a thickness of 350 £+ 25 pm, and the single crystal
InP(100) wafer is n type with a thickness of 350 & 25 pm and
they were bought from Wuxi Jingdian Semiconductor Materials
Co., Ltd.

Hydrofluoric acid (HF, >40%) was purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd. NaCl (AR) and
Na,COj; (AR) were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd, and they were not purified before use.

The metals used in the experiment were purchased from
Fuxiang Metal Materials Co., Ltd.

VHB (9460) was purchased from Minnesota Mining and
Manufacturing Company.

Fabrication of the wiping-type generator

To create the device, a flat Si wafer is utilized as the base
substrate. Firstly, immerse the Si wafer in a 5% HF (hydro-
fluoric acid) solution for 10 minutes to remove the surface
oxide layer. A layer of Au electrode is magnetron sputtered onto
the unpolished surface of the Si wafer to serve as the bottom
electrode. Next, place the Si wafer in a high-temperature
furnace and anneal it at 550 °C. The annealing process will
cause the Au electrode to become compact and tightly attached
to the surface. Due to oxidation that may occur at high
temperatures, it is necessary to immerse the wafer in HF again
to remove any oxide layer formed on the surface. For the top
electrode, conductive Al tape is employed, and there is an ultra-
thin insulating polyacrylate adhesive (VHB) between Al and Si
as a buffer layer.

Fabrication of the smart contact lens

After mixing the PDMS (SYLGARD 184, Dow Corning) base
component A and curing agent component B in a ratio of

This journal is © The Royal Society of Chemistry 2024
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10:1, inject the mixture into the contact lens mold and place it
in an oven at 60 °C for solidification. The circuit on the contact
lens is made by aerosol jet printing at Beijing Yunshang Zhizao
Technology Co., Ltd. Before printing, the PDMS surface is
cleaned with UV light to reduce its hydrophobicity, allowing
the ink to adhere evenly. The required circuits are printed on
the contact lens using an aerosol printer and silver ink, con-
trolled by a programmed system. The lens with printed circuits
are then dried at 200 °C for 15 min, resulting in well-conductive
circuits. The manufacturing process of the wiping generator is
the same as in the previous part.

Characterization and measurements

A programmable electrometer (Keithley 6514) was applied to
test the output voltage, current, and transferred charge. An SEM
(SU8020, Hitachi) equipped with EDS accessory was used to
characterize the morphologies of the contact lens and genera-
tor. A source meter (Keithley 2450) was used to measure the
current-voltage (I-V) of the generator, and the start and stop
voltage were ranged from —1 V to 2 V. A sputter deposition
platform (Discovery 635, Denton Vacuum) was used to deposit
the Au bottom electrode. KPFM experiments were performed
on commercial AFM equipment Multimode 8 (Bruker, USA).
NSC 18 (MikroMash, USA; Au coated; tip radius: 25 nm; spring
constant: 2.8 N m™ ') was used as the conductive tip here. ICP
etching was carried out using a SENTECH inductively coupled
plasma etching machine (SI 500). A 10 nm layer of gold is
sputtered onto the surface of the Si wafer. Subsequently,
etching is performed for 600 s in an atmosphere containing
SFe, O,, and Ar gases. The etching process is carried out using
an ICP power of 800 W and an RF power of 50 W.

Rabbit experiments

All experimental processes were strictly in line with the institu-
tional and national guidelines for the care and use of laboratory
animals and the study protocol was reviewed and approved by
the Ethical Committee of Beijing Institute of Nanoenergy and
Nanosystem (A-2019027&202401).

For the in vivo experiments, male New Zealand white
rabbits were used. The entire experimental process was con-
ducted in a temperature-controlled room set at 30 °C
to prevent hypothermia in the rabbits. The rabbits were
intramuscularly injected with a combination of Rompun
(5 mg kg~ ") and ketamine (20 mg kg ') prior to the start of
the experiment, inducing general anesthesia. This anesthesia
protocol was used to ensure that the rabbits were in a state of
deep sedation throughout the entire procedure. The eyelids
of the rabbits were manually guided during the experiment.
To enhance moisture retention, protect the cornea, and
reduce any potential discomfort during the experiment,
sodium hyaluronate eye drops (Hylo-Comod) were applied to
the surface of the rabbit’s cornea before applying the contact
lenses into the rabbit’s eyes. After the rabbit regained its
consciousness naturally, it was observed for 24 hours, and
no abnormalities in its eyes were detected.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

The wiping-type semiconductor-liquid generator presented in
this work offers a promising solution for efficiently harnessing
energy from movable water. This wiping generator takes advan-
tage of water-bearing solid materials to confine the variable
fluid, resulting in enhanced robustness and charge density.
As for the design of the electrode, the top and bottom electro-
des are made of different metal foils and a sandwich insulating
layer is inserted between the top electrode and semiconductor,
which leads to the free-standing working mode of this wipe
generator. The contact between the water-bearing solid and the
top electrode can generate a current loop from the top surface
of the semiconductor to the bottom electrode and a pulse
current is induced to neutralize the build-in field on each
interface, while the sliding motion of the water-bearing
solid breaks the current loop until the next contact. Different
from traditional TENG and TVNG, this wiping generator has a
distinct working mode and output characteristics. It demon-
strates superior output current and ultrahigh transferred
charge density. The maximum transferred charge density is
186 mC m ™2, which is higher than all the previous records in
both liquid-based TVNG and TENG. For a device with an
effective working area of 0.5 mm? it is capable of simulta-
neously charging four parallel-connected 4.7 pF capacitors to
approximately 0.5 V with only one wipe, which is enough to
light up a LED through a switching circuit. Meanwhile, the
underwater KPFM is applied to study this wiping generator. The
results show that the different metals and silicon exhibit quite
different surface fields and potential drop under water and the
aggregation states as well as the related dipole moments of
water molecules on the surface of both metals and silicon is the
underlying mechanism. This new observation accounts for
many special output voltage signals obtained from different
samples and it can also clarify various electronics processes
happening at the liquid-semiconductor interface. In the case of
Al, it experiences the highest voltage output due to the estab-
lished positive surface potential underwater, which further
decreases its work function. Accordingly, Al is so-far the best
choice for the electrode.

Moreover, the free-standing design of the mobile fluid in
this generator significantly expands its potential applications.
The tongue licking process is applied to this wiping generator
and continuous energy generation can be demonstrated.
Accordingly, the wiping generator has been applied for fabri-
cating a smart contact lens, where 7 tiny wiping generators each
with a size of 1 mm? are integrated onto the lens by using an
ultra-fine printing circuit, and an average current density of
0.05 A m 2 can be obtained from the eyes of rabbits. These
applications not only broaden the scope of the solid-liquid
power generator but also exemplify the generator’s potential
in the emerging field of micro-nano energy harvesting and
sensing. The compact size, high energy density, and convenient
free-standing operation make this generator suitable for
various usage scenarios requiring portable energy sources.
In conclusion, the wiping-type semiconductor-liquid generator
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presented in this paper provides a promising approach for
efficiently harnessing energy from movable water sources.
By utilizing water-bearing solid materials, this generator over-
comes the limitations of traditional electromagnetic genera-
tors, achieving enhanced robustness and charge output. The
record-breaking energy density, novel freestanding operation,
and successful applications in hydrated biological tissues sig-
nify significant advancements in the field of solid-liquid power
generation and highlight the potential for micro-nano energy
harvesting and sensing. Continued research and development
in this area will lead to even more efficient and versatile energy
harvesting solutions.
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