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Lack of fossil oil and pollutant leakage pose global challenges to human society. Developing smart energy-
generation devices with controllable oil adsorption performance might be a significant attempt to cope with
the crisis. Here, an advanced triboelectric nanogenerator (TENG) with mechanical/magnetic energy
harvesting and smart oil-water separating performance was fabricated by assembling a magnetic sponge
with a conductive polymer film. The sponge was facilely prepared by dispersing carbonyl iron into
Ecoflex using a sugar sacrificial templating technique. The TENG presents favorable triboelectric
performance with an optimal power density of 71.0 mW m~2 at 5 MQ. Thus, it can power small
electronics and serve as a wearable sensor to monitor various human gaits. Besides, the sponge-based
TENG generates a notable signal of 495 mV in response to 540 mT, indicating the capability of self-
powered sensing external magnetic fields via gathering the magneto-actuated deformation energy. More
importantly, the hydrophobicity and lipophilicity effects endow the TENG with oil-water separation
property, and it exhibits a desirable magneto-driving and target recognition capacity. Finally, the TENG-
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based sensor array with sensitive mechanical-magnetic dual-mode response can accurately map
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external stimuli distributions, and the integrated wireless system reveals the feasibility in miniaturized
DOI 10.1039/d0ta12359¢ portable electronics. Thus, this work provides an instructive strategy for the development of versatile

rsc.li/materials-a TENG devices in multiple energy collection and oil-water separation.

stimuli.’®** Recently, developing multifunctional TENG devices
has become a hot research topic due to the complicacy of
The rapid flourish in smart electronics in recent years has application conditions. For instance, by growing conductive
motivated the development of clean and sustainable power polyaniline nanowires onto a polymer substrate, an innovative

1. Introduction

sources.’™ Owing to the limited availability of fossil fuel, har-
vesting ubiquitous mechanical energy from the environment
provides an effective approach to balance the energy crisis.*®
Triboelectric nanogenerators (TENGs), based on the coupling
effects of triboelectrification and electrostatic induction, are
able to harvest mechanical energy from deformations,® human
motions,” airflows® and ocean currents® via charge migration.
Besides, TENGs have attracted considerable attention as reli-
able self-powered sensing systems in detecting various external
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TENG successfully implemented toxic NH; sensing property in
addition to harvesting mechanical energy.’” By designing
a distinct translational rotary magnetic structure, a multifunc-
tional TENG-based sensor could detect acceleration and force,
as well as the rotational parameters.'* Moreover, an anti-impact
polymer composite endowed a versatile TENG with favorable
impact energy collecting and safeguarding performance, which
widen its practical applications.™ Thus, it is an effective strategy
to endow TENGs with novel properties by integrating functional
nano-fillers or designing new structures.

Developing integrated TENGs with universal stimuli-sensing
and various energy-harvesting performance is one of the
mainstream trends, which aims to improve adaptability to
complex circumstances.''® Typically, magnetic field is wide-
spread and the important applications in industrial and prac-
tical life motivate the exploration of magnetic detection
technology."”*®* The magneto-induced deformation offers an
effective strategy in response to magnetic field, and meanwhile,
it is an important energy source. Owing to the large specific
surface area, low elastic modulus and light weight, magnetic

J. Mater. Chem. A, 2021, 9, 6913-6923 | 6913


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ta12359e&domain=pdf&date_stamp=2021-03-20
http://orcid.org/0000-0002-8232-9736
http://orcid.org/0000-0001-6997-9526
https://doi.org/10.1039/d0ta12359e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009011

Published on 03 February 2021. Downloaded by University of Science and Technology of Chinaon 3/24/2021 12:47:44 AM.

Journal of Materials Chemistry A

three-dimensional porous sponges could generate remarkable
deformations under the actuation of magnetic field.”**® Thus,
sponge-based TENGs, apart from the inherent mechanical
energy harvesting performance, might be a significant attempt
for monitoring and collecting magnetic energy. However, few
works have concentrated on porous-structured multi-mode
functional TENGs and the based self-powered sensors up to
now.

However, developing environment-friendly TENGs becomes
another important issue in consideration of the increasingly
serious environmental pollution.”® For example, airborne
particulate matter exerted detrimental effects on human health,
and a TENG-based negative air ion generator was developed to
effectively ionize the air molecules for indoor air purification.”*
Since oil/organic solvent leakage caused dramatic damage to
ecological and economic systems, porous sponge composites
are considered as ideal absorbent materials due to the high
selective absorption and convenient transport properties.**?>*
Thus far, various sponges based on polydimethylsiloxane
(PDMS),* polyurethane* and melamine®® have been proposed
for efficient oil-water separation, which propelled the progress
of spill cleanup and fuel purification. However, previous works
have mainly focused on the oil-water separation capability, and
little attention is paid to the intelligent sensing and magnetic
driving/removing performance for contaminants from aquatic
environments. Thus, magnetic sponge-based TENGs, owing to
the inherent self-powered sensing effect, might be beneficial for
distinguishing pollutants of oily wastewater. More importantly,
the magneto-responsive capacity provides magnetic sponges

2 B P 0.2
o @ 05 Sugar

ol A4

¥y Paiicies 2 skeleton

Mix Demould

k-
0020%

View Article Online

Paper

with the possibility for precise control in intelligent oil-water
separation systems. Regrettably, such a smart all-in-one TENG
device has not been developed yet.

Thus, in this work, a sponge-based environment-friendly
multifunctional TENG with force/magnetic-dependent tribo-
electric properties and oil-water sensing/removing perfor-
mance was designed by assembling a magnetic CI-Ecoflex
sponge with a conductive MWCNT/CI-PDMS composite. The
sponge was fabricated by embedding CI particles into an Ecoflex
matrix using a sugar sacrificial templating technique. The newly
designed TENG shows effective mechanical energy harvesting
performance with a high instantaneous power density of 71.0
mW m~? at 5 MQ. Therefore, it can not only power stopwatch
electronics, but also serve as a wearable device to monitor
human motions. The sponge displays remarkable magneto-
actuating deformation with a typical deformation rate of 30%
under 540 mT, and hence the based TENG can monitor the
magnetic field attributed to the deformation-induced tribo-
electric effect. More importantly, owing to the intrinsic hydro-
phobicity and oleophilicity of the sponge, the based TENG, as
a smart absorbent material, shows potential in oil-water sepa-
ration and sensing various contaminants. Finally, the TENG-
based sensor array serves well in mechanical-magnetic bi-
mode sensing fields, which can precisely recognize their
distributions, and the integration with wireless transmission
module can greatly contribute to the large-scale applications.
Therefore, this novel TENG device demonstrates to be a prom-
ising candidate for multi-functional portable electronics, self-
powered magnetic detection and controllable oil spill recovery.
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Fig. 1 Preparation and characterization of the composites. (a) Schematic of the fabrication and (b) photograph of the TENG device. (c) SEM
image of the porous sponge. (d) Compression-recovery property of the sponge. (e) Magnetorheological properties of the sponges with various
Cls. (f) Strain-dependent stress of the sponge and elastomer. (g) Strain—stress curves of the sponge at various compressive strains. (h) Robustness

of the sponge under 1000 cycles at 25% compressive strain.
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2. Results and discussion
2.1. Material design and property characterization

The fabrication procedures of TENG are illustrated in Fig. 1a.
Briefly, The Ecoflex pre-polymer with CI particles was cast into
the as-prepared mould. The sacrificial template of the inter-
connected water-soluble sugar skeleton in the mould was aimed
to produce a porous structure in the CI-Ecoflex elastomer. After
curing, deionized (DI) water was utilized to remove the sugar.
Finally, the dried sponge was assembled with a conductive
MWCNT/CI-PDMS layer to acquire this novel TENG (Fig. 1b).
The SEM image of the sponge (Fig. 1c) revealed that it consisted
of an interconnected template geometry-dependent 3D porous
structure. Originated from the low modulus and high porosity
of the polymer matrix, the sponge exhibited favorable
compressibility and recoverability properties (Fig. 1d).

In this work, a sponge matrix with different CI contents was
prepared to optimize the multi-functional performance of the
TENG. For convenience, the sponge with different CIs was
defined as CI-Ecoflex-X, where X is the fraction of CIs. As shown
in Fig. 1e, the storage modulus of CI-Ecoflex increased as the
magnetic flux density raised, showing typical magneto-
rheological properties. In particular, CI-Ecoflex-50 exhibited
a remarkable magnetorheological effect of 284.6%, which was
much larger than that of other composites. However, the
increase in CI content would impede the fluidity of uncured CI-
Ecoflex, which made it difficult to prepare sponge with more CIs
(Fig. S11). Hence, CI-Ecoflex-50 with the fastest response to
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magnetic field was favorable for further study. Besides, after
a comprehensive consideration of the conductivity, viscosity
and the effect on output performance (Fig. S2t), Cl and MWCNT
with a mass ratio of 50% and 2% with the PDMS polymer were
selected as the suitable conductive layer.

Peak stress of the CI-Ecoflex sponge was 0.5 kPa and much
lower than 16.5 kPa of the non-porous elastomer during the
cyclic strain (10%) loading-unloading process (Fig. 1f),
demonstrating a significant improvement in flexibility.
Unloading stress branch of the sponge could return to the
initial level (Fig. 1g), indicating its excellent elastic deformation
behavior. In addition, the stress-strain curves remained stable
after 1000 cycles of loading-unloading excitations (Fig. 1h),
which guaranteed its reliable mechanical property in practical
applications.

2.2. Mechanical energy harvesting performance of the TENG

Fig. 2a schematically illustrates the working mechanism of the
TENG. As a typical passive device, the energy harvesting prop-
erty was based on the contact electrification and electrostatic
induction effect.”””®* When a substance came in contact with the
TENG, electrons would shift from the interface of the substance
to the sponge matrix due to the difference in electronegativity
(Fig. 2a-I). As the substance was separating away, the two
surfaces with opposite charges generated a potential difference,
which was corresponding to the trend of numerical simulation
(Fig. S37). The negative charges would induce positive ones on
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Fig.2 Triboelectric performance of the TENG. (a) Schematic of the working mechanism. (b) The measurement system. (c) Real-time voltages of
TENG subjected to different frequencies of 0.5-10 Hz. (d) Force-dependent output voltages at 10 Hz. (e) Typical voltage signals under 0.9 N. (f)
Voltage, current density and (g) instantaneous power density under different external load resistances. (h) Voltage stability of TENG under cyclic

excitations of 64.2 N and 10 Hz.
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Fig.3 Energy storage and application of the TENG. TENG-based (a) rectifier circuit diagram and (b) photograph of harvesting mechanical energy
to power electronics. (c) Voltage variation for powering a bulb. (d) Capacitance-dependent charging behaviors at a frequency of 10 Hz. (e)
Voltage (bar graph) and energy storage (line chart) in various capacitors after charging for 250 s. (f) Influence of the loading frequency on
charging behaviors for a 0.22 pF capacitor. (g) Voltage (bar graph) and energy storage (line chart) in the capacitor after charging for 25 s. (h) TENG

powering a stopwatch. (i) Cyclic charge—discharge curve.

the conductive layer, so as to reach an electrostatic equilibrium.
Therefore, the free electrons were driven to flow from the elec-
trode to the ground, thus generating current and voltage
outputs (Fig. 2a-II). When the substance left far away, the
system reached electrostatic equilibrium (Fig. 2a-III). As the
substance approached again, the induced positive charges in
the conductive layer were decreased, which would result in
a reverse electron flow (from the ground to the electrode),
contributing to an opposite directional voltage signal (Fig. 2a-
IV) until it returned to the initial state. Subjected to varying
external excitations, different deformations and contact areas
were induced on the TENG, which led to the stimulus-
dependent charge transfer and the corresponding output
voltage signals.

The triboelectric performance measurement system is pre-
sented in Fig. 2b. The tested TENG with a dimension of 2 x 2 X
1 cm® was fixed on a flat plate, and external excitations were
loaded by an oscillator. First, the contact force and loading
frequency-dependent triboelectric properties were studied.
Keeping the force at 47 N, the voltage raised from 3.1 to 21.5V as
the loading frequency increased from 0.5 to 10 Hz, demon-
strating a positive correlation between electric signal and
applied frequency (Fig. 2c). As the loading frequency further
increased, the voltage tended to be saturated at 10 Hz (Fig. S47),
which could suitably demonstrate the energy harvesting

6916 | J Mater. Chem. A, 2021, 9, 6913-6923

performance. Besides, in consideration of the relatively few
high-frequency excitations in daily life, it was of greater guiding
significance for practical applications to adopt 10 Hz for further
investigation. Fig. 2d presents the real-time generated voltage
signals corresponding to different contact forces (Fig. S51) at
10 Hz. With the progressive increment of applied force, the
output voltage increased and ultimately approached to satura-
tion. For example, the voltage increased from 4.8 to 29.6 V as the
contact force rose from 3.4 to 64.2 N, and it showed a tiny
increment (from 29.6 to 29.8 V) when the force was 68.4 N.
Besides, TENG showed high sensitivity to 0.9 N by 2.6 V,
exemplifying the favorable capacity of harvesting weak
mechanical energy (Fig. 2e). In summary, under the working
condition of 64.2 N and 10 Hz, triboelectric performance of the
TENG obtained optimal values.

Considered as a sustained power source, the influence of
external load resistances on output properties of TENG was
systematically explored. When the resistance increased, the
output voltage showed an increasing trend rising from 0.01 to
29.4 V, while the current density exhibited an opposite
declining tendency from 4.0 to 0.03 pA (Fig. 2f). Fig. 2g exhibits
the maximum instantaneous power density of 71.0 mW m™> at 5
MQ. Besides, the stable voltage during cyclic loading—-unloading
stimuli for 10° cycles proved that the TENG possesses reliable
mechanical as well as electrical properties (Fig. 2h).

This journal is © The Royal Society of Chemistry 2021
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Owing to the inherent pulse-type output performance of
alternating current (AC) signals, the TENG could not directly
drive electronic devices. Capacitors were generally utilized as
energy storage units to store the triboelectric energy and further
supply direct current (DC) power for electronic equipment.
Fig. 3a and b shows the diagram of TENG to charge a 0.22 uF
capacitor and power a bulb via a full bridge rectifier circuit. The
corresponding voltage curve is presented in Fig. 3c. The
charging voltage increased rapidly to 2.45 V within 20 s, and
then the capacitor was connected with a bulb and lit it up
(Movie S17). In view of the energy storage properties, it was
essential to investigate the charging behaviors for various
capacitances (0.22-20 uF). The charging rate decreased with the
increase in capacitance, in which the voltage of 0.22 uF capac-
itor was saturated within 20 s (Fig. 3d). The charging voltage (V)
and energy storage (W, defined as W, = CV.*/2) for various
capacitors after charging for 250 s are summarized in Fig. 3e.
Evidently, V. showed a decreasing trend as the capacitance
increased, and W; attained the highest value of 11.86 pW at 10
uF capacitor, suggesting a more suitable energy storage unit.
Besides, the dependence of charging performance on the
loading frequency was studied. Higher loading frequencies
contributed to the increase in V. and W, (Fig. 3f and g).
Furthermore, the TENG device, serving as an effective power
supplier, could charge a 0.22 pF capacitor to about 2.46 V and

View Article Online
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a commercial stopwatch could be successfully driven to operate
(Fig. 3h and Movie S27). These charge-discharge processes were
cyclic stable, demonstrating the high reliability of this system
(Fig. 3i). Thus, this TENG showed considerable potential as
a new environment-friendly, cost-effective and sustainable
power source.

Since the TENG device could generate voltage signals under
mechanical stimuli, it could serve as a distinct force sensor to
perceive various external excitations (Fig. 4a). For instance, it
could actively sense external finger tapping pressures by
outputting electric signals (Fig. 4b and c). As the number of
operating fingers increased, the average peak voltage showed an
enhancement from 2.6 to 3.2 V, which could be used to
distinguish the contact areas. In addition, owing to the light
weight and favorable flexibility, the TENG sensor could serve as
a wearable device to monitor diverse human motions (Fig. S67).
For example, Fig. 4d-f and g-i presented the sensing signals on
a commercial force sensor and the as-designed self-powered
TENG sensor during walking, running and stamping process.
This sensor showed fast dynamic response to the movements of
stepping on and off, and the distinguished voltage amplitudes
and frequencies could be used to recognize multiple gait
patterns. More importantly, the voltage peak values of TENG
were consistent with the force signals of the commercial sensor,
indicating its good reliability and stability. Therefore, owing to
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Fig. 4 Demonstration of the TENG as a self-powered force sensor for pressure and gait monitoring. (a) Schematic diagram of sensing appli-
cation. The output voltages stimulated by continuous tapping with (b) one and (c) two fingers. Sensing signals of (d—f) a commercial force sensor
and (g—i) this TENG sensor triggered by walking, running, and stamping, respectively.
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the advantages of low cost, light weight and easy integration,
this sensor showed excellent applicability for real-time motion
recognition.

2.3. Self-powered magnetic field sensing property of the
TENG

Generally, the magnetic field played a significant role in
contact-less actuation, intelligent navigation and remote
sensation fields, so it was of great importance to develop
magnetic field sensing techniques. In this work, based on the
synergic characteristics of magneto-actuated deformation and
triboelectric effect, the as-fabricated TENG device could
monitor external magnetic fields without additional power
supply. Clearly, the magneto-actuated deformation derived
from the introduction of CI particles. As shown in Fig. 5a, CI
particles exhibited a remarkable soft magnetic property with
a saturated magnetization intensity of 201.2 emu g ', while
pure Ecoflex presented a negligible magnetization intensity
value of 0.4 emu g~". Due to the intrinsic magnetization, the
incorporation of CI endowed sponges with magnetic effect, in
which the saturated magnetization intensities of CI-Ecoflex-30
and CI-Ecoflex-50 were 61.2 and 112.5 emu g ', respectively.
Thus, the magnetic field-dependent triboelectric performance
is further explored in Fig. 5b. The deformation of TENG could
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be regulated by a commercial electromagnet, and the mechan-
ical deformation simulation is presented in Fig. 5c. During the
periodic applying-removing magnetic field, this TENG showed
real-time assessment capacity with deformation energy har-
vesting performance. Besides, the deformation of the TENG and
the numerical calculations of the electric potential distribution
at the pore interface are also proposed to explain the magneto-
dependent triboelectric performance (Fig. 5d and e). Fig. 5f
shows the sensing signals under various magnetic fields. The
TENG device exhibited a distinguished response with a cyclic
peak voltage of 77 mV under 75 mT magnetic field, indicating
an effective harvesting and sensing performance. Undoubtedly,
the peak voltage rose as the magnetic field increased and
eventually reached 495 mV in response to 540 mT. The typical
voltage response under 410 mT presented good reliability
(Fig. 5g). Fig. 5h summarizes the sponge deformation and
matching triboelectric signal of the TENG versus external
magnetic field, which exhibited varied monitoring sensitivity
ranging with the magnetic flux density (Fig. S7t). The sponge
presented an adjustable configuration as the magnetic field
varied, and the deformation rate could be up to 30% under 540
mT. The output voltages exhibited monotonic dependence on
magneto-induced deformations, which could be used for
precise assessment of external magnetic fields. In addition, the
voltage signals exhibited no obvious attenuation after 300 s,
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confirming the good cyclic stability (Fig. 5i). To conclude, the as-
designed TENG device provided an illuminating strategy for
magnetic field monitoring without external power suppliers.

2.4. Smart oil-water separating characteristics of the
sponge-based TENG

In recent years, oil leakages and industrial organic solvent
emissions led to severe impacts on environmental ecology and
economy, so it was of great significance to develop high-
efficiency absorbent materials. Due to the low density, high
specific surface area and oil storage capacity, various three-
dimensional porous structured absorbent materials showed
considerable potential for oil-water separation. In particular,
porous silicone rubber-based composites turned out to be
promising candidates for hydrophobicity, mechanical and
chemical stability. In this work, the absorbent capability, smart
driving and sensing performance based on the sponge structure
of TENG were systematically studied. First, the surface wetting
behaviors were explored. When water and oil droplets were
dropped on the surface of the sponge, the oil droplet could
completely penetrate within 40 s, while water droplet was
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repelled, revealing its hydrophobicity and lipophilicity (Fig. 6a
and b). To fully assess the absorption capacity of the sponge,
various oils and organic solvents, consisting of sesame oil,
mineral oil, soybean oil, silicone oil, acetone and carbon tetra-
chloride, were applied in this work. Fig. 6¢ displays the absor-
bency values of different oils and organic solvents, and the
variation might be related to the viscosity and density of the
liquid.” Recyclability of absorption behaviors was a crucial
indicator for large-scale applications, so a repeated soybean oil
adsorption experiment was conducted (Fig. 6d). The sponge was
immersed into soybean oil for 30 min and quickly weighed,
followed by washing and drying for 3 times. During the cyclic
absorbing-releasing process, the sponge showed a stable mass
variation, confirming the favorable sustainability. Based on the
water repellency and oil affinity, the sponge was endowed with
excellent selective adsorption property for removing oil from
water. When the sponge approached the carbon tetrachloride
droplets under water, it could completely absorb the droplets
(Fig. 6e-h). Subsequently, the water became clear, showing
excellent performance for recovering heavy oils. More impor-
tantly, it exhibited smart magnetic controllable properties. For
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red and water was labelled with methylene blue for clear observation.
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the soybean oil droplet, the sponge on the water surface could
be magnetically driven to the target zone, and the droplet could
be absorbed (Fig. 6i-1). Then, the sponge was removed from
water by a magnet, which offered smart controlling perfor-
mance of oil-water separation. For practical applications, the
oil spills were accumulated before they were disposed, and thus
it was necessary to evaluate the continuous separating perfor-
mance of the absorbent materials. As displayed in Fig. 6m,
a continuous oil-water separation apparatus assisted by a peri-
staltic pump was established, and the polymer sponge acted as
a filter functional layer. Once the pump was turned on, the
sponge was soaked with oil and the water continuously passed
through the pores (Fig. 6n). Eventually, water and oil could be
successfully separated and collected using a sponge of 1 x 1 X
0.5 cm® dimension (Fig. 60), implying the desirable oil-water
separation capacity.

In addition to the magneto-driven property, the intrinsic
triboelectric effect of TENG endowed it with the potential to be
used as a smart absorbent material with sensing performance.
After infiltration with mineral oil, the sensing properties of the
TENG under various applied forces were explored by an elec-
troforce dynamic system (Fig. 7a). To mimic the squeezing-
loosening process under practical working conditions, the
rectangular wave excitation was applied, with nitrile rubber
films as the contact layer. With forces ranging from 2 to 42 N,
the responsive voltages exhibited a notable increment from 0.5
to 2.9 V, which could be utilized for precise assessment of
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external forces (Fig. 7b). As shown in Fig. 7c, the signal was
generated at the moment of applying and releasing forces,
indicating a favorable monitoring sensitivity. The other oil/
organic solvents and the corresponding signal comparison are
also displayed (Fig. 7d). In this regard, the TENG served well as
a smart absorbent material to perceive and distinguish various
absorbed substances during the pressing-releasing process.
Besides, a cyclic rectangular wave excitation of 12.0 N was
loaded on the TENG soaked with mineral oil, and the peak
values demonstrated a small fluctuation during repeated
loading-unloading processes for 10 000 s, revealing the poten-
tial for stable monitoring (Fig. 7e). To demonstrate the practi-
cability, a TENG-based mineral oil recovery experiment was
performed (Fig. 7f). First, the TENG was pre-pressed to remove
the air, corresponding to a positive voltage of 0.5 V, and an
opposite signal was generated while releasing it. Then an
enhanced positive voltage (0.8 V) was obtained once squeezing
the oil-filled TENG for recovery, and eventually a negative signal
indicated that the TENG was loosened. The reliable sensing
property as well as the magneto-actuating characteristic would
undoubtedly show the advantage of distinguishing pollutant
targets and smart controlling in oil-water separation in
complicated surroundings. Moreover, a reasonable mechanism
of the effect of oils on the triboelectric performance was
proposed (Fig. 7g). Traditionally, a liquid layer on the surface of
the silicone rubber composite would contribute to the charge
dissipation and weaken the triboelectric performance.***
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However, the mechanical property of the sponge infiltrated with
oils could be enhanced, and the promoting friction effect was
beneficial to charge transfer and accumulation. Owing to their
antagonism effect, the TENG was endowed with specific
perception capacity to different oils.

2.5. TENG-based bi-mode sensor array and wireless sensing
system

Based on the unique sponge design, a flexible 3 x 3 sensor array
was fabricated with 9 units of 2 x 2 x 1 ecm?® (Fig. 8a-I) to eval-
uate the external applied force and magnetic field. It was
capable of perceiving different compression forces and dis-
playing their distributions via corresponding output voltages.
As shown in Fig. 8b, when the four units in the upper right
region were compressed (Fig. 8a-II), approximate voltage signals
of 0.62, 0.64, 0.58 and 0.63 V were generated, while the others
exhibited negligible weak voltages, indicating a favorable
sensitivity. Similarly, the voltage response varied (Fig. 8c) as the
external force stimuli changed (Fig. 8a-IIl). Fig. 8j gave repre-
sentative signals of three different units. Furthermore, the
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calculated potential distributions under different compression
conditions by finite element simulation were favourably in
agreement with the experiment data, revealing the sensing
reliability (Fig. 8d-g). Besides, a magnetic field evaluation
system was constructed, in which the magnetic field excitation
was applied by a permanent magnet (Fig. 8h). The real-time
magnetic field recognition mapping is presented in Fig. 8i.
The highest voltage generated from the center unit was 0.85 V,
manifesting that it was subjected to a maximum magnetic field.
In summary, owing to the sensitive mechanical-magnetic bi-
mode monitoring properties and self-powered capacity, the
sensor array showed potential applications in smart detection,
interaction and control areas.

In consideration of the huge advantage of wireless moni-
toring networks in practical life, a TENG-enabled wireless
passive sensing system was developed. This system consisted of
a TENG, microcontroller, a bluetooth module and a cellphone
(Fig. 8k and 1). To verify the feasibility of the wireless system, the
TENG was gently patted (Movie S31). Undoubtedly, the force
and rate of the excitations could be displayed in the cellphone
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compression. (k) A circuit design schematic diagram of the wireless passive sensing system based on the TENG. (|) Initial and (m) working modes

of this system triggered by gentle pats.
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(Fig. 8m). Based on the advantages of integration and modu-
larization, the as-designed flexible TENG in this work would
greatly promote the development of detection, visualization and
early warning systems especially in harsh environments.

3. Conclusion

In summary, a novel multi-functional TENG with mechanical
energy harvesting, self-powered magnetic sensing and smart
oil-water separating characteristics was developed in this work.
It showed favorable triboelectric performance with an optimal
instantaneous power density of 71.0 mW m™ 2, and the effective
energy harvesting property enabled it to power small electronics
and monitor various human motions. Due to the magneto-
actuated deformation performance, it also sensed external
magnetic fields. Interestingly, derived from the hydrophobicity
and lipophilicity of the sponge matrix, it served well as a smart
absorbent material with driving and sensing performance. In
addition, this TENG array with mechano-magnetic dual-mode
sensing properties could precisely reveal external stimuli
distributions, and the integrated wireless system promoted its
application under harsh conditions. This work was of guiding
significance for the development of sustainable energy sources,
self-powered multi-mode sensors and intelligent oil-leakage
treatment systems.
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