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ABSTRACT:The photothermal Marangonieet enables direct Lightintensity: ' Lightintensity: Light intensity
light-to-work conversion, which is siganit for realizing the self- = 10%0Wm gl e
propulsion of objects in a noncontact, controllable, and continuous
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manner. Many promising applications have been demonstrateghin f\\[\}“\f\)“v 504/ \f\/\ o /\/
micro- and nanomachines, light-driven actuators, cargo tral
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and gear transmission. Curgnthe related studies abo%otothermalMaropgoni Effect 766 330 550 655 780 830 940 1020
photothermal Marangoni ext-induced self-propulsion, especially SR o i N e Y ""T'"*W""Z
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rotational motions, remain focused on developing the no o ||| It ‘
photothermal materials, the structural designs, and the controlfaplging iight to gojs [ I M“
self-propulsion modes. However, extending the related research fre I oo WV VUNVTURV

the laboratory practice to practical application remains a challe%%] 2% 0 10 20 30_40 50 60 70 80
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Herein, we combined the photothermal Marangeti-ehnduced
self-propulsion with the triboelectric nanogenerator technology for
sunlight intensity determination. Photothermal black silicon, superhydrophobic copper foam with drag-reducing property, :
triboelectric polytetraoroethylenelm were integrated to fabricate a triboelectric nanogenerator. The photothermal-Marangoni-
driven triboelectric nanogenerator (PMD-TENG) utilizes the photothermal Maraacieindeiced 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.:
The period of the output electrical signal has an excellent linear relationship with the light intensity. The accessible electrical s
generation strategy proposed here provides a new application for the photothermal Martangtohecould further inspire the
practical applications of the self-powered system based on the photothermal Macngoch s intelligent farming.

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

INTRODUCTION objects. For example, linear and curvilinear néteamsbe

The Marangoni ect ° refers to mass transfer along with therealized by focusing light on specregions of the

interface between twoids due to the surface tension gradient()bJEth°l'l In this way, ObJeCt$ can be _propelled across
and demonstrates promising applications in environment%?mpl'cated routes, .Sgarmons”aﬁ'”g promising ap%lgatlons,
remediatiofi, targeted drug delivehenergy conversi6r such as cargo delivetyand light-driven actuatdrs.

self-assembly,and so on. Because surface tension is sensiti\C/\eompared to the linear and curvilinear motions, rotational

to changes in temperature, temperature variation will lead tcgrl]}:lgggnstﬁéoﬁnugfhdagigédgﬁrand C;r?grr]rrl]Jg(ljJsamggr?éilsrt]eilicgn?j
surface tension gradient and the consequightow, which ' 9y p

: : tinuous output, which is advantageous for electrical signal
is called the thermal Marangoreéa ' The photothermal ~ c2NNUC : :
Marangoni esct is consideregd as ameive wpay for micro/ generation. In general, two strategles have been developed to

macro-scale objects to realize the self-propulsion because' glize rotational motioffs. ™' *#***™ First, light was
. > 00) . prop ; € J8&d to irradiate local regions of cross-shaped photothermal
light, as ubiquitous and versatile eneg], is transmitted in

nfateriald® Second, omnidirectional light was applied to
remote, contactless, and accurate m

fiender light . % ;
irradiation, a local surface tension gradient can be genera{ggd'ate the gear-shaped photothermal materials. A net torque

around the objects and propel the objects to move, showinga—
simple unidirectional self-propulsion mode. Generally, givérgceived: March 15, 2022
the application of motion, it requires not only self-propulsioficcepted: April 26, 2022
ability but also controllability and programmability of the”uPlished: May 6, 2022
propulsion.

To our best knowledge, manypms have been devoted to
realizing multiple controllable self-propulsion modes of the
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Figure 1.Schematic illustration showing the electrical signals generated by the photothermal-Marangoni-driven triboelectric nanogenerator (P!
TENG) under sunlight light with dirent intensities: (a) 1020, (b) 780, and (c) 266 W (d) Schematic illustration of the preparation process

of the PMD-TENG. (e) Schematic illustration of the photothermal Mararggimhechanism. (f) Movement process of the rotator in the PMD-
TENG under light irradiation.

can be generated by the nonuniform surface tension gradients RESULTS AND DISCUSSION
to drive the object for rotatiohHowever, related studies on  Faprication of the PMD-TENG.The designed PMD-

photothermal Marangoniet-induced rotational motion are TENG can convert light into distinguishable electrical signals
mainly restricted to fundamental aspects, such as thader light irradiation with dirent intensities, as shown in
preparation of novel photothermal materials and the structurfalgure @ c. The fabrication process of PMD-TENG is

design. It remains a challenge to develop its practicﬁphematically illustratedfiigure . It mainly consists of a
applications rotator and a stator. The rotator contains three parts: the black

. . . silicon as the photothermal material, the polyteta:
Because the specially consistent and continuous OUtpUt.g%ﬁylene (PTFE)Ims used as the triboelectric material, and

rotational . mechanical energy is advantageous for electri superhydrophobic copper foam to reduigic drag
characteristics, *® herein, we designed a photothermal quring motion and load PTFEns. First, the black silicon was
Marangoni-driven triboelectric nanogenerator (PMD-TENG)constructed by cutting the silicon wafer into a square with 5
which utilizes black silicon to convert optical energy to therm&l mnt dimensions. Next, the square-shaped silicon wafers
energy, inducing the photothermal Marangexti ¢o propel ~ Were subjected to chemical etching in Ag¢pand a mixed

the rotation of the rotator for the relative motion between the°‘°|mi0tn OI HF/ HZSZ/ H ;0 gliccezgi]\;/ely tf[? ob;[a;n thet_silicon
triboelectric layer and the electrode. The PMD-TENG2hostructures (Figures andssporting Informatign

. . jth a visualized color change from silver to black. Second,
generated an induced voltage with a peak value of 2.35 YreE |ms (10 mm in length, 5 mm in width, and 0.3 mm in

The system combined the photothermal Marangest-e  thickness) were prepared by cutting a piece of PRE
induced rotational motion with the triboelectric nanogeneratorhird, the superhydrophobic copper foam was manually
technology, realizing the conversion from optical energy fabricated by immersing copper foam (12 centrally connected

electrical signals. Moreover, the frequency of the obtain&dits separated by equal degrees with an angigasf S@own

electrical signals under light irradiation exhibited a computatft Figure SBin AgNOy(aq) for the electroless deposition of

relation with the optical information on the incident light. WeS"Ver aggregates and then immersing in an ethanol solution of

- : . - 1-dodecanethiol overnigliidures S4 and 59 he distance
envision that this work exploits a new application for th%etween two adjacenns is crucial for the continuous

photothermal Marangoni egt-induced  self-propulsion in rotational movement of the rotator. When black silicon is
electrical signal generation and inspires further explorationdfposed to light, it will generate a driving force due to the
energy conversion. photothermal Marangoniext 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 silideme @jtidl

spectrum of black silicon. (b) Time-dependent surface temperature change of black silicon under near-infrared (NIR) light irradiation (808 nm,
W cm ?). (c) Surface temperature change of black silicon dugimgating/cooling cycles. (d) Infrared thermal imaging photos of black silicon
under 808 nm NIR light irradiation (0.9 W &mduring the light on/light ocycle. (€) Maximum temperature reached of black silicon under light
irradiation with dierent light powers within 10 s.

rotate. After the former black silicon moves forward away frommMarangoniow, propelling the macroscopic objects with a
the irradiation area, the copper foam remains rotated becaustational mode.

of the inertia force until the next black silicon is exposed to the Figure fdisplays the rotational motion process of the PMD-
light. Then the second black silicon generates the driving forEENG under light irradiation. The state i, where black silicon
to propel the rotator continuously and so on in a simila#l is exposed to light, is taken as the initial state. Based on the
fashion. Therefore, the number of and the distance Photothermal Marangoniezt, the driving force generated on
between adjacents are essential in determining whether theblack silico#l can make the rotator revolve counterclockwise
rotor can achieve a continuous rotational motion or not. If théstates i and ii). Although black siligdnmoves far from the
distance between two adjacert is large, the inertial force light, the rotator remains to rotate counterclockwise due to the
generated by the former black silicon is natisat to make  inertia force until black silic#B is exposed to the light (state
the rotator revolve continuously. Therefore, simultaneoush)- Then, the black silica#2 under light irradiation produces
given the minimum distance between two adjacent blad Propulsion force in the same way to make the rotator
silicons that @rd the continuous rotation and the mass of thecontinue to rotate (states iii and iv). By that analogy, the
device that induces resistance during the motions Mas _counterclockmse ro_tat|onal motion continued in this manner
the optimal construction. Finally, the above three parts weld thr? presence of I'gfht'h hototh | . f
assembled~{gure Sp In addition, the stator was fabricated c aracterization of the P otothermal Capaqty of

by depositing two complementary-patterned Cu electro lack Silicon.The light absorption capacity was investigated

. I . Py investigating the UWis absorption spectra of the as-
n'etWIOI‘kS tlhroggh thg {)rlptegocwcw't bg'ard ttechncgoogéégn repared black silicon. As showignire 2, black silicon has
cireufar polyimide substrate (30 mm in diameter and 0.34 m low reectance of <10% at wavelengths of 2280 nm,
in thickness), as shownHigure S7

. ; . demonstrating its high light absorption capability, which is of
Rptatlonal Mo.tlon of the PMD-TENG.The rotatlona! benet to photothermal conversion. The peak at 226 nm is
motion mechanism of the PMD-TENG is schematicallyihyted to the porous nanostructures on the surface of black
illustrated inFigure _e. When the rotator is placed on the silicon. A jump of speculareetance at827 nm is attributed
water surface, a thin air Iaye_r between the superhydrophogﬁc the change of grating in that range. To evaluate the
copper foam and water exists to reduce #ie drag.  photothermal property of black silicon, the surface temperature
Moreover, an air gap 2 mm) between the stator and the \yas monitored via an infrared thermal imaging camera, as
rotator is arranged. Moreover, we used a glass pillar througBtwn inFigure B. When irradiated by 808 nm near-infrared
hole in the superhydrophobic copper foam centet the  (NIR) light with a power of 0.90 W cfn the surface
location of the PMD-TENG when it was rotating on the watetemperature of black silicon increased rapidly’ &fter 20
surface. Under light irradiation, the black silicon converts ligBtof irradiation, demonstrating a rapid photothermal response,
to heat based on the photothermagécg and then the and then the temperature growth slowed and slowly increased
generated heat is transmitted to the surrounding watefp 109 °C. After removal of the NIR light, the surface
resulting in the temperature gradient and the consequetémperature drops rapidly, showing that black silicon can
surface tension gradient. The surface tension gradient produgaikly 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 pat
under 808 nm NIR light irradiation (3.76 W &m(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
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, thélack silicon rises rapidly, and the heat energy generated can be
surface temperature was monitored duxiadight on/light transferred to the superhydrophobic copper foam and water
o cycles (20 s/20 s). As showrigure 2, the photothermal  surface. To clearly demonstrate the motion mechanism of the
conversion ability of black silicon is well-maintained duging rotational part, we further analyzed the thermal imaging image
light on/light o cycles, indicating the stability of the light-to- at the beginning of the movemefigure B displays the

heat conversion. As shown Figure @, the surface temperature distribution along a red straight line in the inset of
temperature change of black silicon can be clearly obserVdgure 8. According to the Harkins formula, the relationship

by the thermal imaging images during the light on/light o between the surface tension of thie and temperature can
cycle. Moreover, the photothermal conversion ability of bladle Written as

silicon was systematically investigated atedt NIR light

powers. With NIR light powers increasing from 0.90 to 3.76 w €= B+ BF b T 1)

cm 2, the maximum temperature increases from 75 f€216
within the same time interval (10 s), as showigimre 2,
suggesting that the photothermal property of black siIicofg
could be well tl_me_d by varying the Iig_ht power. Thus, .th f the uid. On the basis of the formula, wel that the
above results indicate that black silicon has high IIQP}’

b i bilit d lent ohototh | rface tension of the liquid has a negative relationship with its
absorption capabiiity and excellent phototherma Convers'?&ﬂperature. Generally, the force that drives the rotational part

property. . . . to revolve clockwise or counterclockwise needs to be
Phptothermal Conversion Ability of Black Sll!Cp!’l perpendicular to the line between the center of the circle
Floating on the Water Surfape. Althqugh exhibiting nd the point of action. Thus, we compared two typical
excellent photothermal properties in air, the photothermglcations with the same radius around the rotational part
conversion ability of black silicon on the water surface remaiRg|iow dot and blue dot iigure 8(i)), where the infrared
unclear, which is essential for the self-propulsion of the objegigrmal imaging photographsFigure & correspond to the
based on the photothermal Marangonece After a  photographs at 1.94 simure a. As shown iRigure &(ii),
superhydrophobic copper foam attached with black silic@fe temperature of the yellow dot is much lower than that of
(rotational part) was placed on the water surface, the 808 nfRe blue dot. The surface tension at the yellow dot is higher
NIR light with a power of 3.76 W chwas used to irradiate  than that at the blue dotF{ > F2), propelling the
the black silicon. To clearly demonstrate the formednticlockwise rotational motion of the rotational part. To
temperature gradient under light irradiation, the infraredlearly demonstrate the motion trajectory of the rotational
thermal imaging photos of the black silicon were captured Ipart, its displacement at aetent time under light irradiation
an infrared thermal imaging camera within 6 s, as shown igishown ifFigure 8. These results reveal that black silicon on
Figure & andvideo S1Because of the excellent photothermalwater surfaces also exhibits excellent photothermal conversion
conversion property of black silicon, the surface temperaturepwbperties, and the generated heat can be transmitted to the

wheree denotes the surface tensimnp,, andb, are three
nstant termsbf = 75.796 mN m', b; = 0.145 mN m!
1'b,= 0.00024 mN nt °C ?), andT is the temperature
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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 (gr
boxes) in a typical cycle. (b) Simulation results of the electric potential distribution between the two complementary copper electrodes, wt
correspond to (i) (iii) in (a). Voltage time curves obtained under NIR light irradiation with a power of (¢) 0.90, (d) 1.74, (e) 2.45, (f) 3.15, and
(g) 3.76 W cm?. (h) Output frequency of induced electrical signals obtained under NIR light irradiatioeneithmbwers.

water surface to form a temperature gradient around the blaséck from E1 to E2, generating a current from E2 to E1. This is
silicon. Consequently, the temperature gradient can genertte electrical signal generation cycle of the TENG. In addition,
the surface tension gradient to prodwié ows to realize  we dene the potential derence between the two electrodes
the motion of the rotational paft:> (U, U, as the open-circuit voltagé,f) in the circuit ¥oc
Working Mechanism and Output Performance of the =U; U,). To visualize the continuous change in the open-
PMD-TENG under NIR Light IrradiationAfter realizing the  circuit voltage, we calculated the electric potential distribution
self-propulsion of the rotational part based on the photdn di erent motion states by utilizing COMSOL Multiphysics
thermal Marangoni ect, we wondered whether we could simulation softward-igure #). Furthermore, the electrical-
utilize the self-propulsion of the rotational part to realize thsignal-generating ability of the TENG under NIR light with
relative motion between the triboelectric material and thdi erent powers was systematically investigated, as shown in
electrode for electrical signal generation. The electrical sigrialgure ¢ g. With the NIR laser light power increasing from
generating mechanism of the TENG is schematically descril@@0 to 3.76 W crf, the output frequency of the open-circuit
in Figure 4. The process consists of two steps: the chargingltage gradually increases from 0.1 to 0.3Fiblzr€ 4).
step on the PTFHmMSs and the rotating electrostatic induction This result indicates that black silicon under light irradiation
step. First, the PTFHEM is charged by a corona needle with awith higher power can produce a higher rotation velocity of the
polarization voltage of 10 kV for 15 min to load the PIFRE  triboelectric layer, thereby sigaintly increasing the output
with negative charges. Second, the rotating electrostatiequency of induced electrical signals. In addition, the increase
induction includes four steps in a typical cycle. When thiea the rotation velocity cannot change the peak electrical
PTFE Im is placed exactly above Cu electrode 1 (El)signals because there is no correlation between the peak
positive charges are induced on Cu electrode 1 due tlectrical signals and the rotational velocity, as reported in a
electrostatic induction (state i). As the PTHE revolves  previous studi?. According to the reported theoretical study
from E1 to Cu electrode 2 (E2) (states i and ii), the freeof free-standing triboelectric nanogenerators, the voltage and
electrons transfer from E2 to E1 by the external circuit tthe current are determined by the transferred chaldes,
redistribute the charges on both electrodes. Until the PTF&e can increase the amount of transferred charges to increase
Im completely overlaps the right electrode, a large amounttbie electrical output. There are two potential strategies to
positive charge is generated on E2. The PIRrEontinues  realize the purpose of further improvement of transferred
to rotate to the next segment of E1. The free electrons transfdrarges from the reported devices. (1) Tétestrategy is to
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Figure 5.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 witiredlit powers of 268020 W m?. (c) Relationship between the induced
electrical signal period with the sunlight intensity. (d) Fundamental process of the sunlight intensity monitoring system. (e) Electrical sig
generated by the PMD-TENG under a certain sunlight intensity. (f) Photograph of the computer software analyzing the electrical signals, provi
the (g) sunlight intensity information.

increase the size of the light-powered triboelectric nanbased on the photothermal Marangoaciecan convert NIR
generator. The increase in device size means that the aredigft into kinetic energy to propel the triboelectric layers and
triboelectric material can be increased, which could increabe resultant relative motion with the electrode, leading to
the transferred charges during the motion process. Howevelectrical signal generatiéig(ire SB

the increase in device size also means that the continuoug\pplications of the PMD-TENG in Sunlight Intensity
rotational motion of the device requires a larger driving forddonitoring. Although we have camed that the NIR light
generated by black silicon based on the photothermahergy can be harvested and converted into electrical signals by
Marangoni esct. To conduct this strategy, we can prepardghe PMD-TENG, whether the PMD-TENG can harvest the
black silicon with lower mectivity by nanolithography and natural energy resource, e. g., sunlight, into electrical signals
energetic beam etching techniques to improve the photoemains to be commed. The rotational part is exposed to
thermal conversion eiency, resulting in a larger temper- sunlight (in June, Beijing) focused with a Fresnel lens
ature/surface tension gradient to propel the rotator with gdiameter: 300 mm; focal length: 260 nfagure & exhibits

large size. (2) The second strategy is to prepare negatithee counterclockwise rotational motion of the rotational part
triboelectric materials with surface microstructures. We cavithin 16 s (as recorded Wideos SR demonstrating that
fabricate micro-/nanostructures on the surface of triboelectridack silicon can convert sunlight into heat to propel the
materials (PTFEIms) through microfabrication techniques superhydrophobic foam to rotate, which is realized through the
and reactive ion etching techniques. These micro-/nanostryshotothermal Marangoniext. When the rotational part is
tures can eectively increase the specsurface area and applied to drive the triboelectric layers (PTIRES) to move,
enhance the charge capture capability, thus improving tkeé&ectric signals are generated. As shofigure b, as the
electrical output of the light-powered triboelectric nanosunlight intensity increases from 266 to 1020 % the
generator. These results demonstrate that the rotational parttput frequency of the induced electrical signals increases.
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These results demonstrate that the temperature gradiemtdroxide and 8 vol % isopropanol at@@or 30 min and washed
induced by black silicon increases with increasing lightth deionized water. Third, the above silicon wafer was immersed in
intensity at the same time interval, resulting in a mor@n adueous solution of AgN(.008 M) for 3 min and then
signi cant driving force and a rotation velocity. Obviously!™mersed in a mixed solution of HEO and HO (v/viv, 2:1:10)

: . . . . t for 7 min. Finally, the silicon wafer was immersed in nitric acid to
with the increase in the rotational velocity, the period of th

. X . femove the residual silver particles. The substrate showed a visualized
induced electrical signals decreases from 7.9 to 1.9 s, as Shgyi§} change from silver to black.

in Figure 8. The coecient of determinatiorR{) between Water Contact Angle Measurements.A droplet of 4 L of

the period and the sunlight intensity reaches 0.985, exhibitidigionized water was used for measurements, and an optical contact
an excellent linear relationship. The excellent linear relatioamgle system was used to record the static water contact angle and
ship demonstrates that the PMD-TENG may be used as &fiding angle of the sample. An averageeofmeasurements at

excellent sensor to monitor the sunlight intensity from 266 t8i erent sites on the sample were measured. _
1020 W m2. Maximum Temperature of Black Silicon under Di erent

A f-of t potential licati desi dLi ht Intensities. Black silicon (5 5 cnf) was placed below the
S a proot-of-concept potental application, we designed;d: soyrce at 3 cm. The temperature change of black silicon during

sunlight intensity monitoring system based on the PMDge same time interval (10 s) underedént light intensities (808
TENG, as shown iRigure 8. The natural sunlight isst nm) was monitored and recorded by an IR camera. Afterward, we
harvested and converted into electrical signals by the PMBralyzed the temperature on the software thrairgha frame that
TENG. The electrical signals can be further analyzed imas smaller than the black silicon, and the maximum temperature in
computer software. In this way, the period of the electric#fte frame at the point of 10 s irradiation was recorded. Finally, the
signals was calculated into the sunlight intensity based on figeults of repeated experiments were collected for the statistics
linear relationship obtained above, providing the sunliglialysis.

intensity informatiorzigure & displays the electrical signal

under a certain sunlight intensity, and then the electrical signal CONCLUSIONS ) )

is transmitted to the sunlight intensity monitoring software of? Summary, we combined the photothermal Marangati e

the computerRigure §). Finally, the intensity of the incident induced self-propu!smn with thg t(lboelectr|c nanogenerator
sunlight can be obtaingéigure §). Thus, the natural energy, technology to realize the monitoring of natural energy. A

e.g., sunlight, can be harvested and converted into electriegptothermal-Marangoni-driven triboelectric nanogenerator
signals by the PMD-TENG. (PMD-TENG) was fabricated, which utilizes the photothermal

Marangoni eect-induced self-propulsion of black silicon to
realize the relative motion between the triboelectric layer and
EXPERIMENTAL SECTION the electrode. The black silicon exhibited high light absorption
Chemicals. The following chemicals were used as suppliedcapacity and excellent photothermal conversion property.
Ethanol, SO, H,0,, KOH, and isopropyl alcohol were purchased\yhile the rotator of the PMD-TENGoats on the water
fsrpm ?}e”'ng (C::rk]lem_lca: Vl\éorks. A@égﬂ Hf I‘S"e(;e obtaw;:_edl from  syrface, the black silicon can convert the light into heat power
Inopharm Chemical Reagent,, Gad. 1-Dodecanethiol was 29 drive the rotator to rotate. The relative rotational motion

purchased from Aladdin Reagent Co., Ltd.,, China. The copp
foam (0.8 mm in thickness) was purchased from Kunshan Jiayish een the rotator and the stator of the TENG can generate

Electronics Co., Ltd. The polished silicon wafer was obtained froffl OPen circuit voltage of 2.35 V. Moreover, there is an
Suzhou Crystal Silicon Electronic & Technology Co., Ltd. Thé&xcellentlinear relationship between the period of the electrical
polytetrauoroethylene (0.18 mm in thicknessh was purchased signals and the sunlight intensity. We believe that this study
from Hubei Aikel Engineering Plastic Co., Ltd. extends the application of self-propelled objects based on the
Characterization and Measurement. A solarimeter (SM206) photothermal Marangoniext and inspires the development

from the Shenzhen Xinbaorui Instruments Company was used ¢f related research from laboratory practice to practical
measure the intensity of natural sunlight. The Fresnel lenses WeliSplications.

purchased from Shenzhen Yingmei Saeddi., Ltd. The 940 nm
NIR'Iaser source was purchaseq from Beijing Laserwave Optoelec- ASSOCIATED CONTENT

tronics Tech. Co., Ltd. The voltagime curves are measured by an ) .

electrometer (Keithley 6517 System) and recorded by an oscilloscope Supportlng Informatlon. ) ]

(Teledyne LeCroy HD 4096). Scanning electron microscopy (Zeiskhe Supporting Information is available free of charge at
EVO MAZ25, 20 kV) measurements were performed to investigate thétps://pubs.acs.org/doi/10.1021/acsami.2c04651

morphology and structure of all samples. Water contact angle

measurements were taken with a contact angle system (DataPhysics-
OCA20). The reection properties of the black silicon were measured
by using a UWis 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 anglé &e80nd, the copper
foam was ultrasonically cleaned alternately in ethanol, an ethanol/
water solution (v/v, 1:1), and water for 5 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 80, and HO, (v/v, 7:3) for 30 min, washed
with water, and dried with nitrogesw. Second, the cleaned silicon
wafer was immersed in a mixture solution of 3 wt % potassium

22212

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 modation 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 S5); optical photograph after
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assembling the superhydrophobic copper foam, th@omplete contact information is available at:

black silicon, and the polytetraroethylene Ims https://pubs.acs.org/10.1021/acsami.2c04651

(Figure S6); optical photograph of the stator (the

copper electrode) of thehgothermal-Marangoni- Author Contributions
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