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Biochemical sensors have found widespread applications in the fields of health and environment. As the
number of biochemical sensors continues to increase, their energy supply has emerged as a challenge.
Self-powered biochemical sensors based on triboelectric generators (TENGs) offer a promising solution
to this challenge. However, current self-powered sensors for in situ detection of liquid samples either
suffer from low output signals, resulting in insufficient sensitivity, or require relatively large sample
volumes. To address these challenges, this work introduces a TENG with charge separation capability by
incorporating electrodes that can directly contact the solution at both ends of a fluidic channel. Unlike
traditional devices, this device utilizes the reciprocating motion of a single droplet within the device to
achieve charge accumulation in both the electrodes and the liquid sample. By utilizing the characteristic
that biochemical substances contained within the droplet affect its charge storage capacity, the concen-
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tration of these biochemical substances in the droplet is reflected by the value of the output voltage
when it reaches a stable state. The device functions as a triboelectric charge-separable probe and
demonstrates responsiveness to solution pH, salt concentration, and the concentration of nanoparticles

rsc.li/nanoscale or Escherichia coli, showcasing its potential as a biochemical sensor.
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Introduction

With advancements in nanoscience and nanotechnology,
chemical sensing plays an indispensable role in biological
diagnosis,"” chemical reactions®™® and detection of trace toxic
substances.®” However, as the number of these sensors con-
tinues to grow, the issue of powering such a vast array of
sensors has become a significant challenge. This is primarily
due to the issues associated with charging, discharging, and
replacement when solely relying on battery power, as well as
the environmental problems posed by battery disposal.
Therefore, harnessing renewable energy from the environment
to power sensors and achieve self-sufficiency is a highly prom-
ising solution.®'° In recent years, triboelectric nanogenerators
(TENGSs) have garnered considerable attention due to their
ability to harvest mechanical energy from the environment
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and convert it into electrical energy, thereby enabling the con-
struction of self-powered sensor systems.’”*®> Simultaneously,
TENGS can utilize the influence of the detection target on the
electron gain and loss capability of the triboelectric material
surface during their operation to modulate the intensity of the
output electrical signal, thereby enabling active, self-powered
biochemical sensing."®"”

However, when detecting liquid samples, it is often difficult
to ensure the strength of the signal. This is primarily due to
the screening effect of salt ions in the solution, which weakens
the transfer of electrons and reduces the amount of charge
that can be carried on the surface of the triboelectric material.
Additionally, salt ions can also neutralize a portion of the
charge on the surface of the tribological material through
electrostatic neutralization.'®

In recent years, people have achieved amplification of the
output electrical signal by improving the electrode structure of
solid-liquid interface TENGs. Wang et al. developed a novel
droplet-based electricity generator, featuring a transistor-
inspired architecture.'®*° Song et al. reported a water droplet-
based high-voltage direct current TENG. The water droplet acts
as a charge shuttle, which can deliver positive charges to the
top electrode and negative charges to the bottom
electrode.**

However, these devices achieve high output signals by con-
tinuously allowing fresh droplets to pass over their surfaces.
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Consequently, biochemical detection through this type of
device requires a relatively large sample volume.** Therefore,
drawing inspiration from the electrode configurations of exist-
ing devices to construct self-powered sensor devices capable of
detecting trace droplets holds significant importance.

In this work, a solid-liquid interface TENG is obtained by
arranging two copper electrodes inside a semi-open polydi-
methylsiloxane (PDMS) fluidic channel. The device detects
substances contained in droplets by continuously shaking the
analytical solution within the solution chamber. During this
shaking process, the two copper electrodes continuously facili-
tate charge separation, while the droplet itself simultaneously
accumulates charges. By leveraging the output voltage achieved
when both processes reach equilibrium, the device is able to
detect the substances present in the droplets. The output per-
formance of the device exhibits a variation in accordance with
changes in the concentration of silica nanoparticles present in
the liquid. As a demonstration, the device was further utilized
to detect the concentration of Escherichia coli (E. coli) in tap
water.

Results and discussion

The developed liquid-solid triboelectric probe system is sche-
matically shown in Fig. 1a. The triboelectric probe is com-
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posed of a glass slide, a fluid channel, and two electrodes
including top and bottom electrodes, and then a copper elec-
trode with a needle tip is installed at the center of the bottom
copper electrode. The needle functions as a charge collector,
which attracts negative charges from the droplet and acts as a
conduit to facilitate the transfer of these negative charges to
the bottom copper electrode. Fig. 1a also shows a photograph
of the triboelectric probe system and the dimensions of the
device in the top view are shown in Fig. S1.7 Before the test,
the water contact angle of the PDMS is measured and the
results are shown in Fig. S2.f The test results show that PDMS
has good hydrophobic properties with a contact angle of about
118.7°, which ensures contact electrification when water
comes into contact with the PDMS surface. During the test,
the device is fixed on a rotary mixer. The rotation of the device
induces fluid movement back and forth. As the droplet slides
back and forth, it sequentially contacts the bottom needle elec-
trode and the top copper electrode of the triboelectric probe,
achieving the separation of negative and positive charges
within the droplet (Movie S17). After the separation of positive
and negative charges by the triboelectric probe, the charges
will be stored in the two copper electrodes, respectively, ulti-
mately generating a voltage output.

In the aforementioned process, the circuit closes and an
output current signal is generated only when the droplet
comes into contact with the charge collection needle.

a
p)
L e—————Top electrode N
pe————==—» Fluid channel \ f
Charge collector: (PDMS)
needle
Glass plate 43 /
A >
Bottom electrode +——— iy > 1cm
b G 2
301
0.4
z 201 i -
& 10 & S
- £, e
o o (3]
0 i
0 2 i 4 6 = 5 10 15 20 M Eras a8 a4
Time (s) Time (s) Time (s)
4 3 1.0 e
12
& $05 s
s 8 e
g £ g
° S o
> 0.0 >4
L i i ) 0 5 i i i i 0
o 5 10 15 20 0.0 02 04 06 08 1.0 0 100 200 300 400 500 600
Time (s) Time (s) Time (s)

Fig.1 The device structure and output performance of the triboelectric charge-separable probe (the type of droplet is deionized water). (a)
Schematic diagram and image of the device structure. (b) Variation of device output current over time. (c) Characterization of device transferred

charge. (d) and (e) Output voltage signal of the device.
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Subsequently, as the droplet moves away from the needle and
continues downward, it makes contact with the top electrode.
At this moment, the circuit is immediately reconnected and
another output current signal is obtained (Fig. 1b). Moreover,
after the droplet repeatedly comes into contact with the charge
collection needle and top electrode, the two electrodes of the
triboelectric probe act like reservoirs, continuously storing the
charge generated by the impact of the droplet under open-
circuit conditions and enabling a monotonic and sustained
increase in both the transferred charge and the output voltage
of the device. As shown in Fig. 1c and d, approximately a
charge of 0.4 nC and a voltage of 0.5 V are collected in each
operational cycle. When the potential difference between the
droplet and the collection needle is balanced, the voltage of
the triboelectric probe reaches its maximum value of approxi-
mately 12 V (Fig. 1e). In addition, the maximum instantaneous
power density output of 0.045 mW m™ is achieved when the
external loading resistance is set to 6 MQ (Fig. S37).

To elucidate the working mechanism of the triboelectric
probe, Fig. 2 illustrates the charge distribution of the droplet
in one operating cycle. In the “Wang” model, the electric
double layer formation is a two-step process. Initially, electrons
are transferred from water molecules to the solid atoms upon
contact between the liquid and the solid. Subsequently, the
charged solid surface attracts opposite charges from the liquid
via electrostatic interactions, resulting in the establishment of
the electric double layer. This process begins with electron
transfer and ion adsorption and continues with the attraction
and adsorption of free ions onto the charged solid surface,
driven by electrostatic forces. Consequently, when the droplet
flows over the PDMS, the strong affinity of PDMS to electrons
results in the acquisition of electrons from the droplet, which
in turn leads to the creation of positively charged hydrated
hydrogen ions (H;0"). The H;O" ions will adhere to the solid
surface as a result of electrostatic attraction, which aids in the
formation of the electric double layer.”* The above process pri-
marily involves generating surface charges on the triboelectric
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Fig. 2 Schematic diagram of the device working mechanism.
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material. This process has been widely recognized, and this
work primarily discusses the subsequent processes. Then, by
spreading the droplet, the negatively charged PDMS is electri-
cally screened by the positive ions, migrating and/or diffusing
negative charges on the surface (Fig. 2i). Subsequently, as the
device deflects, the droplet flows back and forth within it.
First, the droplet will contact the charge collection needle. Due
to the potential difference between the droplet and the bottom
electrode, negative charges will be transferred to the bottom
copper electrode through the copper needle, and the current
flows from the external load to the bottom electrode (Fig. 2ii).
Then, the droplet comes into contact with the top electrode. At
this point, positive charges are transferred from the droplet to
the top electrode to balance the potential difference, and the
current flows from the bottom electrode to the external load
(Fig. 2iii).>> However, since the droplet is reused, charges that
are not completely separated by the charge-collecting electrode
will remain in the droplet. In subsequent steps, due to the
presence of these free charges, during the subsequent charge
separation process, a portion of opposite-sign charges will flow
into the charge-collecting electrode due to the potential differ-
ence, neutralizing the previously collected charges (Fig. 2v and
vii), resulting in a brief drop in the voltage signal. Immediately
thereafter, normal charge separation resumes (Fig. 2vi and
viii), and the voltage signal continues to rise. Eventually, as the
residual charges in the droplet accumulate, charge separation
becomes increasingly difficult. The output voltage reaches an
equilibrium.

Based on the above working mechanism, both factors
affecting the charge on the surface of triboelectric materials
and factors influencing the charge on the droplets themselves
can be detected using this triboelectric probe. First, the tribo-
electric probe is employed to monitor salt solutions of varying
concentrations as well as solutions with different pH values.

It can be observed that as the pH value increases from
acidic to alkaline, when the pH exceeds 4, the output electrical
signal changes from a negative value to a positive one. This is
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due to the isoelectric point of PDMS being around 4 (Fig. S4t);
when the pH value is greater than 4, the surface of PDMS
shifts from being positively charged to negatively charged. The
maximum value of the output voltage when the device reaches
equilibrium is achieved at a solution pH of 7 (Fig. 3a). When
testing NaOH solutions, it can be observed that as the concen-
tration increases, the output voltage at equilibrium exhibits a
downward trend. Additionally, sodium chloride solutions of
varying concentrations exhibit a similar trend of change
(Fig. 3b). To gain a deeper understanding of the aforemen-
tioned results, it is imperative to ascertain the nature of the
PDMS surface following triboelectrification under various solu-
tions. To facilitate this, electrical double layer (EDL) models
have been formulated. The isoelectric point of a substance dic-
tates the preference for certain ions to be adsorbed onto its
surface at varying pH levels. In the case of PDMS, this isoelec-
tric point is approximately at pH 4. When the pH value is less
than 4, the surface adsorbs hydrogen ions due to the excessive
hydrogen ions in the solution (Fig. 3c), resulting in a positive
output voltage. When the pH value is greater than 4 and below
7, the surface of PDMS shifts from being positively charged to
negatively charged. When the negatively charged PDMS
surface undergoes contact electrification with the solution, the
amount of negative charge on the surface will be further
increased, resulting in a gradual increase in voltage.

When the test solution is NaOH or NaCl, a large number of
sodium ions adsorb onto the surface of the triboelectric
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material due to electrostatic forces, hindering further electron
transfer between the droplet and PDMS (Fig. 3c). At the same
time, as the concentration of salt ions in the aqueous solution
continues to increase, the conductivity of the solution
becomes stronger. An increase in conductivity indicates a rise
in the number of free ions within the liquid, which impairs
the transfer of charge at the liquid-solid interface and, sub-
sequently, leads to a reduction in the probe signal.”>?° In
addition, compared to NaCl solution, under the same concen-
tration of sodium ions, NaOH solution exhibits a higher
output electrical signal. This is due to the increase in the
number of polar Si-O bonds on the surface of PDMS when
exposed to NaOH solution, thereby enhancing triboelectric
charge.”” The aforementioned results indicate that the per-
formance of triboelectric probes varies with the concentration
of salt or alkali in the solution, demonstrating their potential
for application in the field of biochemical sensors. Due to
their relatively low selectivity, they are currently mainly limited
to concentration sensing.

To gain a deeper understanding of the interaction between
triboelectric probes and suspended particles in liquid media,
we conduct tests on SiO, colloids at various concentrations
and the results are shown in Fig. 4a. As the concentration of
the SiO, colloid (200 nm) gradually increases, the output elec-
trical signal exhibits a trend of first increasing and then
decreasing, reaching a peak output voltage of 8.8 V at a con-
centration of 0.1 mg mL~". The corresponding SEM images are
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Fig. 3 Response of a self-powered device to pH and salt concentration.

(a) The variation of the output voltage of a self-powered device in response

to changes in the pH value of the solution (solutions with pH less than 7 are prepared with different concentrations of HCl and those with pH
greater than 7 are prepared with different concentrations of NaOH.). (b) The variation of the output voltage of a self-powered sensor in response to
changes in NaCl concentration. (c) Schematic diagram of the EDL structure on the PDMS surface under different conditions.
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Fig. 4 Detection of SiO, colloid using the self-powered device. (a) The variation of the output voltage of the device when the solution contains
SiO, colloid (with a diameter of 200 nm) of different masses. (b) Zeta potential of SiO, colloid measured at different concentrations. (c) The variation
of the output voltage of the device when the solution contains SiO, colloid (with a diameter of 2 um) of different masses. (d) Zeta potential of SiO,

colloid measured at different concentrations.

displayed in Fig. S5.f The EDL of colloidal nanoparticles con-
sists of regularly arranged and oppositely charged ions;>
therefore, the EDL and the distribution of colloidal nano-
particles can be regarded as capacitors,”® which will affect the
macroscopic dielectric properties of the colloid.>

This is because the surface charge and EDL of the colloidal
nanoparticles result in an increase in the relative permittivity
of the SiO, colloid.*® This process enhances the liquid’s own
ability to store charge. Consequently, the later the time when
the two processes of charge separation between the electrodes
and charge storage in the droplet reach equilibrium, the
higher the output voltage of the device after it stabilizes.
However, as the concentration further increases, the number
of free ions within the SiO, colloid increases, leading to a sup-
pression of interfacial charge transfer between the colloid and
PDMS.?° To test this hypothesis, the zeta potentials of SiO, col-
loids have been measured (Fig. 4b). Compared to SiO, colloids
of other concentrations, the SiO, colloid with a concentration
of 0.1 mg mL™" exhibits a more negative zeta potential. The
reason for the above phenomenon is that at lower concen-
trations, as the concentration of the SiO, colloid increases,
more OH- are adsorbed onto the surface of the SiO, colloid,
resulting in an increase in its surface charge and a more nega-
tive zeta potential. With additional increments in the concen-
tration of the SiO, colloid, the mutual interference between
particles becomes significant, leading to the overlap of EDLs
and a subsequent decrease in the surface charge and zeta
potential. Furthermore, we also conducted tests on SiO, col-
loids with a particle size of 2 pm. The results indicated that
the trends in both output voltage and zeta potential were
similar to those of SiO, colloids with a particle size of 200 nm

This journal is © The Royal Society of Chemistry 2025

(Fig. 4c and d). Nevertheless, in comparison with the SiO,
colloid with a particle size of 200 nm, the SiO, colloid with
2 pm particles exhibited lower output voltage and zeta poten-
tial, primarily due to the more significant charge screening
effect among larger particles, which subsequently led to a
decrease in the zeta potential. The corresponding SEM images
are displayed in Fig. S6.}

After completing tests on different concentrations of 2 pm
silica colloids, it is reasonable to plan for the next step of
testing E. coli. This is because the triboelectric probe exhibits
different electrical signal responses to particles of different
sizes. Furthermore, E. coli, as a common model organism,
holds significant importance in biomedical research.
Conducting triboelectric testing on different concentrations of
E. coli can not only broaden our understanding of the response
characteristics of triboelectric probes but also potentially offer
new perspectives and methods for microbial detection. As
shown in Fig. 5a, the output electrical signals monotonically
decrease as the concentration of E. coli increases. When
testing E. coli in the culture medium, the output voltage is sig-
nificantly lower than that of the tap water sample at the same
concentration. This is because the salt particles in the culture
medium adsorb onto the surface of PDMS, impeding further
charge transfer between the surface of the triboelectric
material and the solution. The reason for the decreasing trend
in output voltage with increasing concentration of E. coli in
the same solution is explained as follows: on the one hand, as
the concentration of E. coli increases, aggregation occurs
among the bacteria, leading to a decrease in charge density
and subsequently resulting in a reduction in zeta potential
(Fig. S771); on the other hand, E. coli also adheres to the

Nanoscale, 2025, 17, 10035-10042 | 10039
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Fig. 5 The prospects of self-powered biochemical detection. (a) The variation of the output voltage of the device in response to changes in the
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water. (c) The correlation of the output voltage from the self-powered sensor and E. coli concentrations. (d) A schematic diagram of the application

of this self-powered sensor for E. coli concentration detection.

surface of the PDMS, both of which impede further electron
transfer between the droplet and PDMS (Fig. S87). Following
the successful testing of E. coli samples with varying concen-
trations, the aim is to extend our investigation to explore the
detection possibilities of E. coli under real environmental con-
ditions by focusing on natural water bodies such as lake water.
Specifically, lake water is intended to be used as a diluent for
preparing samples containing E. coli at various concentrations
in lake water, which will then be subjected to measurement.
This operation is designed to simulate real-world detection
scenarios of E. coli and evaluate the performance of triboelec-
tric probes in practical applications.

As can be seen from Fig. 5b, the detection signal responses
obtained for the lake water samples doped with E. coli exhibi-
ted similar trends. Furthermore, a good linear relationship
was observed between different concentrations of E. coli and
the output voltage (Fig. 5¢), suggesting great potential for the
probe in self-powered sensing of E. coli concentrations
(Fig. 5d).

Conclusions

In this work, a solid-liquid interface based TENG with a
special electrode structure was obtained by adding electrodes
that can directly contact the solution at both ends of a fluid
tank. Unlike conventional devices, this device utilizes the reci-
procating motion of a single droplet within the device to

10040 | Nanoscale, 2025, 17,10035-10042

achieve charge accumulation in both the electrodes and the
liquid sample simultaneously. Ultimately, the droplet’s charge
storage capacity is evaluated by the value of the output voltage
when it reaches a stable state, reflecting information about the
biochemical substances contained within. This device can
function as a triboelectric charge-separable probe, responding
to solution pH, salt concentration, and the concentration of
nanoparticles or E. coli, demonstrating its potential as a bio-
chemical sensor.

Experimental section
Reagents and materials

The PDMS prepolymer and curing agent were bought from
Dow Corning. Conductive Cu tape with a thickness of 60 pm
and Cu wire (as the charge collector needle and top electrode)
with a diameter of 0.4 mm were purchased from Shenzhen
Mileqi Company, China. Other chemical reagents used in this
experiment were from Sinopharm Chemical Reagents
Company, and the chemicals were of analytical reagent grade
and utilized without further purification. Deionized water was
used throughout.

Fabrication of the biosensor

The initial preparation process of the device is consistent with
our previous work.'”> Then, excess PDMS is removed from the
side opposite to the top electrode, and a collection needle is

This journal is © The Royal Society of Chemistry 2025
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inserted into the fluidic channel. Finally, copper tape is
attached to one end of the collection needle.

Bacteria culturing

E. coli was dispersed in LB broth and shaken at 37 °C for 24 h.
After that, the LB broth with different bacterial cells was
diluted to different concentrations of 3.4 x 10°, 3.4 x 10°, 3.4 x
10%, and 3.4 x 10°> CFU mL™", for further experiments.

Characterization

The open-circuit voltage and short-circuit current were
measured using a low-noise current preamplifier (SR570,
Stanford Research Systems, Inc., Sunnyvale, CA, USA) and a
digital phosphor oscilloscope (MSO 2024B, Tektronix, Inc.,
Beaverton, OR, USA). The charge transfer was measured using
an electrometer (Keithley 6514, Cleveland, OH, USA). The mor-
phologies of the as-prepared SiO, colloids were analyzed with
a field-emission scanning electron microscope (FE-SEM)
(S-4800, Hitachi, Tokyo, Japan). The zeta potential was tested
using a potentiometer (Malvern).
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