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ABSTRACT: The photothermal Marangoni effect enables direct
light-to-work conversion, which is significant for realizing the self-
propulsion of objects in a noncontact, controllable, and continuous
manner. Many promising applications have been demonstrated in
micro- and nanomachines, light-driven actuators, cargo transport,
and gear transmission. Currently, the related studies about
photothermal Marangoni effect-induced self-propulsion, especially
rotational motions, remain focused on developing the novel
photothermal materials, the structural designs, and the controllable
self-propulsion modes. However, extending the related research from
the laboratory practice to practical application remains a challenge.
Herein, we combined the photothermal Marangoni effect-induced
self-propulsion with the triboelectric nanogenerator technology for
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sunlight intensity determination. Photothermal black silicon, superhydrophobic copper foam with drag-reducing property, and
triboelectric polytetrafluoroethylene film were integrated to fabricate a triboelectric nanogenerator. The photothermal-Marangoni-
driven triboelectric nanogenerator (PMD-TENG) utilizes the photothermal Marangoni effect-induced self-propulsion to realize the
relative motion between the triboelectric layer and the electrode, converting light into electrical signals, with a peak value of 2.35 V.
The period of the output electrical signal has an excellent linear relationship with the light intensity. The accessible electrical signal
generation strategy proposed here provides a new application for the photothermal Marangoni effect, which could further inspire the
practical applications of the self-powered system based on the photothermal Marangoni effect, such as intelligent farming.

KEYWORDS: photothermal Marangoni effect, self-powered, rotational motion, triboelectric nanogenerator, energy conversion

Bl INTRODUCTION

The Marangoni effect' ™ refers to mass transfer along with the
interface between two fluids due to the surface tension gradient

and demonstrates promising applications in environmental 22

.. 4 ' 5 . 6-8 such as cargo dehvery and light-driven actuators.
remediation,” targeted drug delivery,” energy conversion, o ) )
3,9 Lo iy Compared to the linear and curvilinear motions, rotational
self-assembly,™ and so on. Because surface tension is sensitive

. o . motions produced a cyclical and continuous mode. In such a
to changes in temperature, temperature variation will lead to a P 7

surface tension gradient and the consequent fluid flow, which ICI:::;’I uf)lllles :11;C};:n‘l,jilidin;r%vf;:afozgrj f:r ecl(:z 22?231; a:ﬁ
is called the thermal Marangoni effect.'”"" The photothermal pub & &

. . . . . eneration. In general, two strategies have been developed to
Marangoni effect is considered as an effective way for micro/ 8 8 6g p

12—14,16-20,22,23,27,28 17 .
) } . realize rotational motions. First, light was
macro-scale objects to realize the self-propulsion because the t .
. L . . . . used to irradiate local regions of cross-shaped photothermal
light, as ubiquitous and versatile energy, is transmitted in a

_ . materials.'® Second, omnidirectional light was applied to
remote, contactless, and accurate manner.”>”'* Under light . . ’ G PP
. o ‘ . irradiate the gear-shaped photothermal materials. A net torque
irradiation, a local surface tension gradient can be generated

around the objects and propel the objects to move, showing a
simple unidirectional self-propulsion mode. Generally, given
the application of motion, it requires not only self-propulsion
ability but also controllability and programmability of the
propulsion.

To our best knowledge, many efforts have been devoted to
realizing multiple controllable self-propulsion modes of the

objects. For example, linear and curvilinear motions'* can be
realized by focusing light on specific regions of the
objects."""*7%° In this way, objects can be propelled across
complicated routes, demonstratmg promising applications,
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Figure 1. Schematic illustration showing the electrical signals generated by the photothermal-Marangoni-driven triboelectric nanogenerator (PMD-
TENG) under sunlight light with different intensities: (a) 1020, (b) 780, and (c) 266 W m™2 (d) Schematic illustration of the preparation process
of the PMD-TENG. (e) Schematic illustration of the photothermal Marangoni effect mechanism. (f) Movement process of the rotator in the PMD-

TENG under light irradiation.

can be generated by the nonuniform surface tension gradients
to drive the object for rotation.'” However, related studies on
photothermal Marangoni effect-induced rotational motion are
mainly restricted to fundamental aspects, such as the
preparation of novel photothermal materials and the structural
design. It remains a challenge to develop its practical
applications.

Because the specially consistent and continuous output of
rotational mechanical energy is advantageous for electrical
characteristics,””~** herein, we designed a photothermal
Marangoni-driven triboelectric nanogenerator (PMD-TENG),
which utilizes black silicon to convert optical energy to thermal
energy, inducing the photothermal Marangoni effect to propel
the rotation of the rotator for the relative motion between the
triboelectric layer and the electrode. The PMD-TENG
generated an induced voltage with a peak value of 2.35 V.
The system combined the photothermal Marangoni effect-
induced rotational motion with the triboelectric nanogenerator
technology, realizing the conversion from optical energy to
electrical signals. Moreover, the frequency of the obtained
electrical signals under light irradiation exhibited a computable
relation with the optical information on the incident light. We
envision that this work exploits a new application for the
photothermal Marangoni effect-induced self-propulsion in
electrical signal generation and inspires further exploration in
energy conversion.

B RESULTS AND DISCUSSION

Fabrication of the PMD-TENG. The designed PMD-
TENG can convert light into distinguishable electrical signals
under light irradiation with different intensities, as shown in
Figure la—c. The fabrication process of PMD-TENG is
schematically illustrated in Figure 1d. It mainly consists of a
rotator and a stator. The rotator contains three parts: the black
silicon as the photothermal material, the polytetrafluoro-
ethylene (PTFE) films used as the triboelectric material, and
the superhydrophobic copper foam to reduce fluidic drag
during motion and load PTFE films. First, the black silicon was
constructed by cutting the silicon wafer into a square with 5 X
5 mm’ dimensions. Next, the square-shaped silicon wafers
were subjected to chemical etching in AgNO;(aq) and a mixed
solution of HF/H,0,/H,0 successively to obtain the silicon
nanostructures (Figures S1 and S2, Supporting Information),
with a visualized color change from silver to black. Second,
PTFE films (10 mm in length, S mm in width, and 0.3 mm in
thickness) were prepared by cutting a piece of PTFE film.
Third, the superhydrophobic copper foam was manually
fabricated by immersing copper foam (12 centrally connected
units separated by equal degrees with an angle of 30°, as shown
in Figure S3) in AgNOs(aq) for the electroless deposition of
silver aggregates and then immersing in an ethanol solution of
1-dodecanethiol overnight (Figures S4 and SS). The distance
between two adjacent fins is crucial for the continuous
rotational movement of the rotator. When black silicon is
exposed to light, it will generate a driving force due to the
photothermal Marangoni effect to propel the rotational part to
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Figure 2. Characterization of the light absorption capabilities and the photothermal conversion properties of black silicon. (a) UV—vis reflection
spectrum of black silicon. (b) Time-dependent surface temperature change of black silicon under near-infrared (NIR) light irradiation (808 nm, 0.9
W cm™2). (c) Surface temperature change of black silicon during five heating/cooling cycles. (d) Infrared thermal imaging photos of black silicon
under 808 nm NIR light irradiation (0.9 W cm™2) during the light on/light off cycle. (¢) Maximum temperature reached of black silicon under light

irradiation with different light powers within 10 s.

rotate. After the former black silicon moves forward away from
the irradiation area, the copper foam remains rotated because
of the inertia force until the next black silicon is exposed to the
light. Then the second black silicon generates the driving force
to propel the rotator continuously and so on in a similar
fashion. Therefore, the number of fins and the distance
between adjacent fins are essential in determining whether the
rotor can achieve a continuous rotational motion or not. If the
distance between two adjacent fins is large, the inertial force
generated by the former black silicon is not sufficient to make
the rotator revolve continuously. Therefore, simultaneously
given the minimum distance between two adjacent black
silicons that afford the continuous rotation and the mass of the
device that induces resistance during the motion, 12-fins was
the optimal construction. Finally, the above three parts were
assembled (Figure S6). In addition, the stator was fabricated
by depositing two complementary-patterned Cu electrode
networks through the printed circuit-board technology in a
circular polyimide substrate (30 mm in diameter and 0.34 mm
in thickness), as shown in Figure S7.

Rotational Motion of the PMD-TENG. The rotational
motion mechanism of the PMD-TENG is schematically
illustrated in Figure le. When the rotator is placed on the
water surface, a thin air layer between the superhydrophobic
copper foam and water exists to reduce the fluid drag.
Moreover, an air gap (~2 mm) between the stator and the
rotator is arranged. Moreover, we used a glass pillar through a
hole in the superhydrophobic copper foam center to fix the
location of the PMD-TENG when it was rotating on the water
surface. Under light irradiation, the black silicon converts light
to heat based on the photothermal effect, and then the
generated heat is transmitted to the surrounding water,
resulting in the temperature gradient and the consequent
surface tension gradient. The surface tension gradient produces

a Marangoni flow, propelling the macroscopic objects with a
rotational mode.

Figure 1f displays the rotational motion process of the PMD-
TENG under light irradiation. The state i, where black silicon
#1 is exposed to light, is taken as the initial state. Based on the
photothermal Marangoni effect, the driving force generated on
black silicon #1 can make the rotator revolve counterclockwise
(states i and ii). Although black silicon #1 moves far from the
light, the rotator remains to rotate counterclockwise due to the
inertia force until black silicon #2 is exposed to the light (state
iii). Then, the black silicon #2 under light irradiation produces
a propulsion force in the same way to make the rotator
continue to rotate (states iii and iv). By that analogy, the
counterclockwise rotational motion continued in this manner
in the presence of light.

Characterization of the Photothermal Capacity of
Black Silicon. The light absorption capacity was investigated
by investigating the UV—vis absorption spectra of the as-
prepared black silicon. As shown in Figure 2a, black silicon has
a low reflectance of <10% at wavelengths of 220—1050 nm,
demonstrating its high light absorption capability, which is of
benefit to photothermal conversion. The peak at 226 nm is
attributed to the porous nanostructures on the surface of black
silicon. A jump of specular reflectance at ~827 nm is attributed
to the change of grating in that range. To evaluate the
photothermal property of black silicon, the surface temperature
was monitored via an infrared thermal imaging camera, as
shown in Figure 2b. When irradiated by 808 nm near-infrared
(NIR) light with a power of 0.90 W cm™> the surface
temperature of black silicon increased rapidly to 90 °C after 20
s of irradiation, demonstrating a rapid photothermal response,
and then the temperature growth slowed and slowly increased
to 109 °C. After removal of the NIR light, the surface
temperature drops rapidly, showing that black silicon can
quickly transfer heat to the surrounding medium. In addition,
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Figure 3. Movement of the rotational part in the TENG on the water surface. (a) Infrared thermal imaging photographs of the rotational part
under 808 nm NIR light irradiation (3.76 W cm™2). (b) Corresponding temperature distributions around the black silicon along the red line in the
inset. The photograph is the infrared thermal imaging image at the beginning of the movement of the rotational part. (c) Thermography image (i)
and surface tension analysis (ii) of the rotational part. (d) Counterclockwise rotational motion trajectory of the rotational part within 6 s.

to evaluate the stability of the photothermal property, the
surface temperature was monitored during five light on/light
off cycles (20 /20 s). As shown in Figure 2c, the photothermal
conversion ability of black silicon is well-maintained during five
light on/light off cycles, indicating the stability of the light-to-
heat conversion. As shown in Figure 2d, the surface
temperature change of black silicon can be clearly observed
by the thermal imaging images during the light on/light off
cycle. Moreover, the photothermal conversion ability of black
silicon was systematically investigated at different NIR light
powers. With NIR light powers increasing from 0.90 to 3.76 W
cm™?, the maximum temperature increases from 75 to 216 °C
within the same time interval (10 s), as shown in Figure 2e,
suggesting that the photothermal property of black silicon
could be well tuned by varying the light power. Thus, the
above results indicate that black silicon has high light
absorption capability and excellent photothermal conversion
property.

Photothermal Conversion Ability of Black Silicon
Floating on the Water Surface. Although exhibiting
excellent photothermal properties in air, the photothermal
conversion ability of black silicon on the water surface remains
unclear, which is essential for the self-propulsion of the objects
based on the photothermal Marangoni effect. After a
superhydrophobic copper foam attached with black silicon
(rotational part) was placed on the water surface, the 808 nm
NIR light with a power of 3.76 W cm™> was used to irradiate
the black silicon. To clearly demonstrate the formed
temperature gradient under light irradiation, the infrared
thermal imaging photos of the black silicon were captured by
an infrared thermal imaging camera within 6 s, as shown in
Figure 3a and Video S1. Because of the excellent photothermal
conversion property of black silicon, the surface temperature of

black silicon rises rapidly, and the heat energy generated can be
transferred to the superhydrophobic copper foam and water
surface. To clearly demonstrate the motion mechanism of the
rotational part, we further analyzed the thermal imaging image
at the beginning of the movement. Figure 3b displays the
temperature distribution along a red straight line in the inset of
Figure 3b. According to the Harkins formula, the relationship
between the surface tension of the fluid and temperature can
be written as

e=by+ bT + b,T* (1)

where e denotes the surface tension, by, b;, and b, are three
constant terms (by = 75.796 mN m™, b, = —0.145 mN m™*
°C™, b, = —0.00024 mN m~' °C™?), and T is the temperature
of the fluid. On the basis of the formula, we find that the
surface tension of the liquid has a negative relationship with its
temperature. Generally, the force that drives the rotational part
to revolve clockwise or counterclockwise needs to be
perpendicular to the line between the center of the circle
and the point of action. Thus, we compared two typical
locations with the same radius around the rotational part
(yellow dot and blue dot in Figure 3c(i)), where the infrared
thermal imaging photographs in Figure 3c correspond to the
photographs at 1.94 s in Figure 3a. As shown in Figure 3c(ii),
the temperature of the yellow dot is much lower than that of
the blue dot. The surface tension at the yellow dot is higher
than that at the blue dot (F1 > F2), propelling the
anticlockwise rotational motion of the rotational part. To
clearly demonstrate the motion trajectory of the rotational
part, its displacement at a different time under light irradiation
is shown in Figure 3d. These results reveal that black silicon on
water surfaces also exhibits excellent photothermal conversion
properties, and the generated heat can be transmitted to the
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Figure 4. Working mechanism and output performance of the PMD-TENG under NIR light irradiation. (a) Schematic illustration of the working
principle of the PMD-TENG under the relative rotational motion between the triboelectric layer (PTFE, yellow boxes) and Cu electrodes (gray
boxes) in a typical cycle. (b) Simulation results of the electric potential distribution between the two complementary copper electrodes, which
correspond to (i)—(iii) in (a). Voltage—time curves obtained under NIR light irradiation with a power of (c) 0.90, (d) 1.74, (e) 2.4, (f) 3.15, and
(g) 3.76 W cm™ (h) Output frequency of induced electrical signals obtained under NIR light irradiation with different powers.

water surface to form a temperature gradient around the black
silicon. Consequently, the temperature gradient can generate
the surface tension gradient to produce fluid flows to realize
the motion of the rotational part.'”"?

Working Mechanism and Output Performance of the
PMD-TENG under NIR Light Irradiation. After realizing the
self-propulsion of the rotational part based on the photo-
thermal Marangoni effect, we wondered whether we could
utilize the self-propulsion of the rotational part to realize the
relative motion between the triboelectric material and the
electrode for electrical signal generation. The electrical signal-
generating mechanism of the TENG is schematically described
in Figure 4a. The process consists of two steps: the charging
step on the PTFE films and the rotating electrostatic induction
step. First, the PTFE film is charged by a corona needle with a
polarization voltage of 10 kV for 15 min to load the PTFE film
with negative charges. Second, the rotating electrostatic
induction includes four steps in a typical cycle. When the
PTFE film is placed exactly above Cu electrode 1 (El),
positive charges are induced on Cu electrode 1 due to
electrostatic induction (state i). As the PTFE film revolves
from El1 to Cu electrode 2 (E2) (states i and ii), the free
electrons transfer from E2 to El by the external circuit to
redistribute the charges on both electrodes. Until the PTFE
film completely overlaps the right electrode, a large amount of
positive charge is generated on E2. The PTFE film continues
to rotate to the next segment of E1. The free electrons transfer

back from E1 to E2, generating a current from E2 to E1. This is
the electrical signal generation cycle of the TENG. In addition,
we define the potential difference between the two electrodes
(Uy, U,) as the open-circuit voltage (Vo) in the circuit (Voo
= U, — U,). To visualize the continuous change in the open-
circuit voltage, we calculated the electric potential distribution
in different motion states by utilizing COMSOL Multiphysics
simulation software (Figure 4b). Furthermore, the electrical-
signal-generating ability of the TENG under NIR light with
different powers was systematically investigated, as shown in
Figure 4c—g. With the NIR laser light power increasing from
0.90 to 3.76 W cm ™2, the output frequency of the open-circuit
voltage gradually increases from 0.1 to 0.33 Hz (Figure 4h).
This result indicates that black silicon under light irradiation
with higher power can produce a higher rotation velocity of the
triboelectric layer, thereby significantly increasing the output
frequency of induced electrical signals. In addition, the increase
in the rotation velocity cannot change the peak electrical
signals because there is no correlation between the peak
electrical signals and the rotational velocity, as reported in a
previous study.”> According to the reported theoretical study
of free-standing triboelectric nanogenerators, the voltage and
the current are determined by the transferred charges.”” Thus,
we can increase the amount of transferred charges to increase
the electrical output. There are two potential strategies to
realize the purpose of further improvement of transferred
charges from the reported devices. (1) The first strategy is to
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Figure S. Application in sunlight intensity monitoring system. (a) Sunlight-induced rotational motions of the rotational part in the TENG. (b)
Voltage—time curves obtained under sunlight irradiation with different powers of 266—1020 W m™2 (c) Relationship between the induced
electrical signal period with the sunlight intensity. (d) Fundamental process of the sunlight intensity monitoring system. (e) Electrical signal
generated by the PMD-TENG under a certain sunlight intensity. (f) Photograph of the computer software analyzing the electrical signals, providing

the (g) sunlight intensity information.

increase the size of the light-powered triboelectric nano-
generator. The increase in device size means that the area of
triboelectric material can be increased, which could increase
the transferred charges during the motion process. However,
the increase in device size also means that the continuous
rotational motion of the device requires a larger driving force
generated by black silicon based on the photothermal
Marangoni effect. To conduct this strategy, we can prepare
black silicon with lower reflectivity by nanolithography and
energetic beam etching techniques to improve the photo-
thermal conversion efficiency, resulting in a larger temper-
ature/surface tension gradient to propel the rotator with a
large size. (2) The second strategy is to prepare negative
triboelectric materials with surface microstructures. We can
fabricate micro-/nanostructures on the surface of triboelectric
materials (PTFE films) through microfabrication techniques
and reactive ion etching techniques. These micro-/nanostruc-
tures can effectively increase the specific surface area and
enhance the charge capture capability, thus improving the
electrical output of the light-powered triboelectric nano-
generator. These results demonstrate that the rotational part

based on the photothermal Marangoni effect can convert NIR
light into kinetic energy to propel the triboelectric layers and
the resultant relative motion with the electrode, leading to
electrical signal generation (Figure S8).

Applications of the PMD-TENG in Sunlight Intensity
Monitoring. Although we have confirmed that the NIR light
energy can be harvested and converted into electrical signals by
the PMD-TENG, whether the PMD-TENG can harvest the
natural energy resource, e. g., sunlight, into electrical signals
remains to be confirmed. The rotational part is exposed to
sunlight (in June, Beijing) focused with a Fresnel lens
(diameter: 300 mm; focal length: 260 mm). Figure Sa exhibits
the counterclockwise rotational motion of the rotational part
within 16 s (as recorded in Videos S2), demonstrating that
black silicon can convert sunlight into heat to propel the
superhydrophobic foam to rotate, which is realized through the
photothermal Marangoni effect. When the rotational part is
applied to drive the triboelectric layers (PTFE films) to move,
electric signals are generated. As shown in Figure 5b, as the
sunlight intensity increases from 266 to 1020 W m™>, the
output frequency of the induced electrical signals increases.

https://doi.org/10.1021/acsami.2c04651
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04651/suppl_file/am2c04651_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04651/suppl_file/am2c04651_si_003.mp4
https://pubs.acs.org/doi/10.1021/acsami.2c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04651?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c04651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

These results demonstrate that the temperature gradient
induced by black silicon increases with increasing light
intensity at the same time interval, resulting in a more
significant driving force and a rotation velocity. Obviously,
with the increase in the rotational velocity, the period of the
induced electrical signals decreases from 7.9 to 1.9 s, as shown
in Figure Sc. The coefficient of determination (R*) between
the period and the sunlight intensity reaches 0.985, exhibiting
an excellent linear relationship. The excellent linear relation-
ship demonstrates that the PMD-TENG may be used as an
excellent sensor to monitor the sunlight intensity from 266 to
1020 W m™.

As a proof-of-concept potential application, we designed a
sunlight intensity monitoring system based on the PMD-
TENG, as shown in Figure 5d. The natural sunlight is first
harvested and converted into electrical signals by the PMD-
TENG. The electrical signals can be further analyzed in
computer software. In this way, the period of the electrical
signals was calculated into the sunlight intensity based on the
linear relationship obtained above, providing the sunlight
intensity information. Figure Se displays the electrical signal
under a certain sunlight intensity, and then the electrical signal
is transmitted to the sunlight intensity monitoring software on
the computer (Figure Sf). Finally, the intensity of the incident
sunlight can be obtained (Figure Sg). Thus, the natural energy,
e.g., sunlight, can be harvested and converted into electrical
signals by the PMD-TENG.

B EXPERIMENTAL SECTION

Chemicals. The following chemicals were used as supplied.
Ethanol, H,SO,, H,0,, KOH, and isopropyl alcohol were purchased
from Beijing Chemical Works. AgNO; and HF were obtained from
Sinopharm Chemical Reagent Co., Ltd. 1-Dodecanethiol was
purchased from Aladdin Reagent Co., Ltd, China. The copper
foam (0.8 mm in thickness) was purchased from Kunshan Jiayisheng
Electronics Co., Ltd. The polished silicon wafer was obtained from
Suzhou Crystal Silicon Electronic & Technology Co. Ltd. The
polytetrafluoroethylene (0.18 mm in thickness) film was purchased
from Hubei Aikel Engineering Plastic Co., Ltd.

Characterization and Measurement. A solarimeter (SM206)
from the Shenzhen Xinbaorui Instruments Company was used to
measure the intensity of natural sunlight. The Fresnel lenses were
purchased from Shenzhen Yingmei Scientific Co., Ltd. The 940 nm
NIR laser source was purchased from Beijing Laserwave Optoelec-
tronics Tech. Co., Ltd. The voltage—time curves are measured by an
electrometer (Keithley 6517 System) and recorded by an oscilloscope
(Teledyne LeCroy HD 4096). Scanning electron microscopy (Zeiss
EVO MA2S, 20 kV) measurements were performed to investigate the
morphology and structure of all samples. Water contact angle
measurements were taken with a contact angle system (DataPhysics-
OCA20). The reflection properties of the black silicon were measured
by using a UV—vis spectrophotometer (UV-3900).

Fabrication of the Superhydrophobic Copper Foam. First, a
piece of copper foam was cut into 12 centrally connected units
separated by equal degrees with an angle of 30°. Second, the copper
foam was ultrasonically cleaned alternately in ethanol, an ethanol/
water solution (v/v, 1:1), and water for S min, successively. Third, the
above copper foam was immersed in an aqueous solution of AgNO;
(0.02 M) for electroless deposition for 15 min, washed with water,
and dried in an oven. Finally, the foamed copper was immersed in an
ethanol solution of 1-dodecanethiol (1 mM) for 12 h, washed with
absolute ethanol, and dried in an oven.

Fabrication of Black Silicon. First, the silicon wafer was cleaned
in a mixed solution of H,SO, and H,0, (v/v, 7:3) for 30 min, washed
with water, and dried with nitrogen flow. Second, the cleaned silicon
wafer was immersed in a mixture solution of 3 wt % potassium

hydroxide and 8 vol % isopropanol at 80 °C for 30 min and washed
with deionized water. Third, the above silicon wafer was immersed in
an aqueous solution of AgNO; (0.008 M) for 3 min and then
immersed in a mixed solution of HF, H,0,, and H,0 (v/v/v, 2:1:10)
for 7 min. Finally, the silicon wafer was immersed in nitric acid to
remove the residual silver particles. The substrate showed a visualized
color change from silver to black.

Water Contact Angle Measurements. A droplet of 4 uL of
deionized water was used for measurements, and an optical contact
angle system was used to record the static water contact angle and
sliding angle of the sample. An average of five measurements at
different sites on the sample were measured.

Maximum Temperature of Black Silicon under Different
Light Intensities. Black silicon (5 X 5 cm?) was placed below the
light source at 3 cm. The temperature change of black silicon during
the same time interval (10 s) under different light intensities (808
nm) was monitored and recorded by an IR camera. Afterward, we
analyzed the temperature on the software through fixing a frame that
was smaller than the black silicon, and the maximum temperature in
the frame at the point of 10 s irradiation was recorded. Finally, the
results of repeated experiments were collected for the statistics
analysis.

B CONCLUSIONS

In summary, we combined the photothermal Marangoni effect-
induced self-propulsion with the triboelectric nanogenerator
technology to realize the monitoring of natural energy. A
photothermal-Marangoni-driven triboelectric nanogenerator
(PMD-TENG) was fabricated, which utilizes the photothermal
Marangoni effect-induced self-propulsion of black silicon to
realize the relative motion between the triboelectric layer and
the electrode. The black silicon exhibited high light absorption
capacity and excellent photothermal conversion property.
While the rotator of the PMD-TENG floats on the water
surface, the black silicon can convert the light into heat power
to drive the rotator to rotate. The relative rotational motion
between the rotator and the stator of the TENG can generate
an open circuit voltage of 2.35 V. Moreover, there is an
excellent linear relationship between the period of the electrical
signals and the sunlight intensity. We believe that this study
extends the application of self-propelled objects based on the
photothermal Marangoni effect and inspires the development
of related research from laboratory practice to practical
applications.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c04651.

SEM images of the untreated silicon wafer and the
silicon wafer after chemical etching (Figure S1); atomic
force microscope (AFM) images the untreated silicon
wafer and the silicon wafer after chemical etching and
corresponding sectional analyses of the untreated silicon
wafer and the silicon wafer after chemical etching
(Figure S2); schematic illustration of dimensions of the
superhydrophobic copper foam (Figure S3); SEM
images of the copper foam before and after electroless
metal deposition, EDS patterns of the untreated copper
foam, and copper foam deposited with silver aggregates
before and after modification by the low-surface-energy
coating, and water contact angle (WCA) of the as-
prepared superhydrophobic surface (Figure S4); optical
photograph of sliding angle of the superhydrophobic
copper foam (Figure SS); optical photograph after
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assembling the superhydrophobic copper foam, the
black silicon, and the polytetrafluoroethylene films
(Figure S6); optical photograph of the stator (the
copper electrode) of the photothermal-Marangoni-
driven triboelectric nanogenerator (PMD-TENG) (Fig-
ure S7); voltage—time curves and transfer charge—time
curves obtained under NIR light irradiation with power
of 3.76 W cm™* (Figure S8) (PDF)

Video S1 (MP4)

Video S2 (MP4)
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