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ABSTRACT: Icephobic surfaces have gained immense attention owing o Superhydrophobic surface
to their signicant roles in decreasing the energy consumption-of" ™ >"sis

refrigerators and in improving safety issues by preventing the formation < e @)
of ice on them. Superhydrophobic surfaces incorporating micro- or EELEEE angle~160°

nanoscale roughness and hydrophobic functional groups have H&&fg"e | H:0
shown to prevent ice accumulation. Herein, we report a simple, low-cost,

and solution-based one-step process for the production of INNNENENEE
hydrophobic surfaces with thréeehsional (3D) self-assembled® 2> Felymen or Metal
structures. The controlled hydrolysis and polycondensation Gf}ution based fabricatior
octadecyltrichlorosilane (OTS-Cl) in an acetone solution produced @aon the surface
highly uniform superhydrophobic surface on various substrates such as

glass, metals, and polymers without the limitation of the surface curvature structure. The as-prepared 3D self-assembled s
exhibited a very high contact angle of 1@hd a low contact hysteresis of°1#ifie solvent type,,B content in acetone, and

carbon chain length of the silane compound were critical in the formation of self-assembled nanostructures. The thickness o
superhydrophobic 3D self-assembled structure could be varied by controlling the surface properties of the glass substrat
addition, a novel octadecyl silica nanosquare plate structure was formed as an intermediate for the microlamella structure. The
drop impact experiments on the 3D self-assembled superhydrophobic glass substrates at low Temp@af@Esiowed

that the as-prepared superhydrophobic glass possessed a high impalement threshold for water contact, resulting in excelle
stable icephobic properties. The preparation method proposed in this study is scalable and can beglasd surface or in a

glass vial inside a glass tube. Moreover, it can be applied to various substrates such as metals and polyurethane surface
curvature. Therefore, the solution-based self-assembly method proposed in this study is a promising approach to prot
superhydrophobic and icephobic surfaces on a wide range of substrates regardless of their structure and properties.

—>

Icephobic surface

lution-based fabrication

INTRODUCTION lotus-leaf surface structiiéarious materials such as silicon,

i~29,10 1 [
The formation of icephobic surfaces is of great importanc?‘él'ca’ polymers, carbon nanotubes, and nano/micro

from the viewpoint of safety and economic aspects in vario, grtlcles h_ave al(s:% been mvesngatgd .for preparing super-
areas such as aircraft, power lines, wind turbines, as well a ¥ rophabic surfaceGompared to sophisticated lithographic

ethods, colloid-based methods are suitable for the large-scale

ng?; e%og]ymtiglglljs g%;gf{;%irgﬁ: rs:gggrrgézrf)fat?]de Tﬁiéi;gbrication of superhydrophobic surfaces. Lee et al. reported a
ayer-by-layer assembly method with twereaht silica

surface, the formation of nano/microstructures wlthééwydroﬁ noparticles (500 and <100 nm) to produce raspberry-like
phobic surface (_:hemlstry has _be(_an extensively investigat (i'rticulate Ims with superhydrophobic surfa&he Ims
Theoretical studies have also indicated that a rough surf G wed a high contact angle=(169).1° Later, Yang et al

with a nano/microstructure is essential to produce supef; 0 .
. . uggested the use of twoedént silica nanoparticles (100 and
hydrophobic surfaceédNenzel and CassiBaxter theories 20 nm) for preparing optically transparent superhydrophobic

have suggested that the twextint wetting states of a surface surface$ However, most of the methods reported previously
with water droplets (fully wetted or composite states) can

result in dierent superhydrophobicity performahtd&oth _

the theories indicate that surface roughness and heterogenBiggeived: February 5, 2021

are essential for superhydrophobicity. Revised:  April 24, 2021
Various methods including lithographic pattetrptagzma

etching, electrochemical deposition, chemical vapor deposi-

tion, sol gel methods, layer-by-layer asserelty have been

used to prepare superhydrophobic surfaces by mimicking the
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were limited to a small area onaa surface because of their  Controlling the Water Content in Acetone. The water content
intrinsic limitations. Therefore, it is imperative to develop &f acetone was controlled by adding a spaoiount of distilled
simple, cost-ective, and scalable one-step method to produc@ater to acetone, which was freshly distilled and dried with activated

; ; : lecular sieve 5A (Merck). The method enabled an accurate control
superhydrophobic surfaces on three-dimensional (3D) suB® o 0 5
strates for practical applications. of the HO% in acetone from <0.01 to 0.5% and then to 5.0%. The

X - H,0% of acetone was determined by carrying out Karl Fischer
The solution-based formation of self-assembled monolayg tic(;n. y ying

on a substrate mi th be a promising approach to achieve sucfnaiytical Instruments for Surface Analysis.High-resolution
challenging goals.” The coating ofroctadecyltrichlorosi-  transmission electron microscopy (HR-TEM) and energy-dispersive
lane (OTS-CI) liquid on a substrate and the subsequerX-ray spectroscopy (EDX) measurements were carried out on a JEM-
hydrolysis induces the formation of crystalline nanosheets 810 electron microscope (JEOL, Tokyo, Japan) operating at 300
the substrate, resulting in the formation of a superhydrophobgV. The scanning electron microscopy (SEM) images of the surfaces
surfacE’ or organic eld e ect transistof* The crystalline ~ Were obtained using an S-4700 scanning electron microscope
structure of polymerized octadecylsiloxane prepared via héitachi. Tokyo, Japan). The structures of the surfaces were examined
hydrolytic polycondensation of OTS-Cl in water wets y coating them with Pt for 30 s using an E-1010 ion sputter (Hitachi,

. 16 . . Tokyo, Japan). Atomic force microscopy (AFM) (Park Systems,
reported in 1997:'° Later, Li et al. reported the experimental Suwon, South Korea) was used to probe the sample surfaces under

conditions and mechanisms for the formation of the crystallingnpient conditions with AFM tips (PPP-NCHR, Nanosensors,
na_molsgheet structure on various substrates such as gold @gtzerland) for noncontact imaging. The thickness of the coated
mica.” Crystalline nanosheet structures on glass substrateger on the surface was measured usingratry (DektakXT,

have been prepared by immersing OTS-Cl-coated substrate8inker, MA). X-ray photoelectron spectroscopy (XPS) studies were
acetone to induce the hydrolysis and condensation resgaried out on an X-ray photoelectron spectroscope (PHI X-tool,
tions*?'” However, OTS-Cl is a viscid liquid that can causd<anagawa, J?pan). Fourier tglansf?rm '”fralr_e%g:ATl\;l'Rg\;ii/clltgosfé’gy
the formation of a thick and nontransparent white colofhéasurements were carmead out on a La

surfacé? Although there are several reports on the formatio pectrometer (HORIBA JOBIN YVON, Kyoto, Japan). The Raman

. . pectra of the samples were obtained using a Raman microscope
of superhydrophobic surfaces, reliable and scalable method ST, Seongnam, South Korea) equipped with a 532.2 nm

produce a thin, uniform, and superhydrophobic layer on 3kcitation laser. The Raman spectra were accumulated for 1 s using
substrates have not been explored. Furthermore, seif2tx objective. The laser beam was focused on a selected area, and
assembled structures are strongly dependent on their solvétt laser power was kept constant (17.96 mW) throughout the
composition and molecular structures, such as the length amdasurement.

shape of the hydrophobic carbon chain. Thet® of these Contact Angle Measurement. The vyater contact angles of the
parameters on the formation of self-assembled structures héQ@ied substrates were measured using a contact angle measurement
not been systemically investigated yet. system (SEO, South Korea) equipped with a camera. The static

Herein, we report that the formation of self-assemble%mact angles were measured by dropping b0 water on the

. . rfaces, and hysteresis was calculated by obtaining the advancing and
structures using OTS-Cl is strongly dependent on the type Rfceging angles of the water droplet (Jwith the tilting mode of

solvent used and the hydrophobic carbon chain length @fstrument. The surface energies of the surfaces were calculated by
alkyltrichlorosilane as well as the water content in the solveBbmparing their contact angles of diiodomethane_jisnd water
Interestingly, we idengid, for the rst time, the octadecyl (10 L) and using the Owen®/endt geometric mean equation.

silica nanosquare plate structure as an intermediate in theéMonitoring the Dynamic Behavior of Single-Droplet Impact
formation of the octadecy! silica lamella structure. We fourf! Surface.Water droplets from a height of 10 cm were dropped on
that the solution-based one-step method proposed in this stu@y?® t;!ted htydrophob;c cl)lr jugzeorhgfdr;gbgblqtﬁurface lmourgtetc;l] onto

is a promising approach to produce highly uniform ssupeE—i cooling stage (controlle 0 with & cooling ba

; ! : L rculator (Jeio Tech, South Korea)). The dynamic behavior of the
hydrophobic coating layers @ or 3D glass (i.e., vial inside, single droplets impinging on the substrate was recorded using a high-

glass tube), metal (i.e., copper), and polymer (polyurethangpeed camera at 6400 fps at a resolution of XLABR4 pixels
surfaces. The resulting 3D lamella structures showed extremiglySTCAM AX 200, Photron, Tokyo, Jagan).

low wettability of water droplets, resulting in excellent

icephobic properties on various surfaces. RESULTS AND DISCUSSION

Preparation and Characterization of Self-Assembled
EXPERIMENTAL SECTION Crystals under Various Conditions. The self-assembled

Materials. Ethanol (EtOH) (99.5%), acetone 99.5%), and  QOTS-Cl| structure is well known for its ability to produce
toluene (99.8%) (99.7%) were purchased from DAEJUNG pangsheet structures in solution or on various substiates.

(Siheung, Korea). All of the other chemical reagents, OTS-Gpypically, the formation of a self-assembled structure strongly

( 90%), n-dodecyltriclorosilane (95%), n-octyltrichlorosilane -
( 97%). rvbutyltrichlorosilane ©9%), andr-octadecyltriethoxysi- depends on the solvent polarity and the structure of molecules

lane (OTES) ( 90%) were purchased from Sigma-Aldrich (St. LouisSUch as the carbon chain length and shép&ystemic

MO) and used as received without further pation. Glass slides  Investigations for the formation of the self-assembled structures

(22 mm x 22 mm) were purchased from Marienfeld (Lauda-Of n-alkyltrichlorosilane in various solvents have not been

Konigshofen, Germany). reported yet. In this study, we focused on thet of the
Preparation of 3D Self-Assembled Structures on the Glass  solvent type (toluene as a nonpolar aprotic (relative polarity,

Substrate. A!I of the coating processes r_eported he_re were Cal’l’leg_og), HO as a polar protic solvent (relative polarity, 1.00),

out at ambient temperature and ambient humidity. All of theaﬁ(ﬁtone (relative polarity, 0.35)), and carbon chain lemgth of

glassware and surfaces used for coating were washed twice W ltrichl i butvltrichl i . ltri
acetone, dried with ,Nourging, and oxidized by applying oxygena yltrichlorosilane (Cr-butyltrichlorosilane; ¢Crroctyltri-

plasma at a power of 50 W for 2 min underdheof Q. The glass ~ chlorosilane; {5 n-dodecyltrichlorosilane;,OTS-C) on
substrate was immersed in a 2% OTS-CI acetone solution for 1the formation of self-assembled structures on various
immediately after the oxygen plasma treatment. The coated glass @tgstrates. All of the experiments were performed by quickly
washed twice with acetone and dried usjrgas| adding 100 L of n-alkyltrichlorosilane reagent to the solvent

B https://doi.org/10.1021/acs.langmuir.1c00356
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Figure 1.(a) Photograph of 2%butyltrichlorosilane (§; n-octyltrichlorosilane ¢ n-dodecyltrichlorosilane Cand OTS-CI () acetone

solutions. (b) HR-TEM, X-ray daction (XRD), and EDX images of the octadecyl silica nanosquare plate (collected from the upper part of
solution) and octadecy! Sifamella sheet structures (obtained from the lower part of solution). (c) FT-IR spectra and (d) Raman spectra of
octadecyl silica nanosquare plate (blue line) (1), octadecyl silica lamella (OTS lamella sheet, red line) (2), and OTS-CI (liquid, black line) (¢

(5 mL) at room temperature to adjust timal concentration acetone on the formation of self-assembled crystals was
to 2.0 w/w. As shown irFigure Sl all of then- investigated. White crystals were not produced even after 60
alkyltrichlorosilanes with four elient carbon chain lengths min when OTS-Cl was added to anhydrous aceto® (H
in toluene showed no visible formation of the crystallineontent <0.01%), as showirigure S3The absence of water,
structure Figure S)L This is because of the absence,0fiH which was required to induce hydrolysis, is expected to be the
toluene required for hydrolysis and the high solubility of theeason for no crystal formation in this case. In contrast, the use
hydrophobic carbon chains in the hydrophobic solventf acetone containing® (0.5, 5.0%) resulted in the instant
(toluene). formation of white crystals. After 60 min, the crystals produced
On the contrary, when tmealkyltrichlorosilane derivatives in acetone with high B contents (5.0%) showed sigaint
were added to distilled water, the formation of visible whitprecipitation at the bottom because of the large size of the

solid crystals was observed withi2 Is (Figure SR lamella sheets$-igure SB Therefore, it is expected that the
Interestingly n-butyltrichlorosilane (€ in water produced  solvent type and & content of the solvent are critical for
square plate nanostructures (mean size =857m). N- controlling the formation of self-assembled crystals.
octyltrichlorosilane ¢ in water produced round nanostruc-  The results shown Figure & were obtained using acetone
tures with rough surfaces (mean diameter = 86182nm). with a HO content of 0.5%. We attempted to analyze the self-

N-dodecyltrichlorosilane {£in water produced thin micro- assembled structures formed in the upper and lower parts of
scale lamella sheet structures. OTS-@QlifCGvater produced acetone, as shown figures & andS4 Interestingly, two

thick microscale lamellaesh structures. The perfect di erent crystal structures were ideutin the solution. The
hydrolysis of the-alkyltrichlorosilane reagent and the strongwhite solid collected from the upper part of the solution
repulsion between water molecules and the hydrophobsthowed a highly crystalline octadecyl silica nanosquare plate
carbon chains induced the extensive formation of diverse setfucture, as can be observed from the transmission electron

assembled structures in water. microscopy (TEM) image and diction patterns shown in
When acetone was used as the solvent, only OTS-CI showedures B and S4 respectively. The dimensions of the
instant crystal formation within 10 s, as showigime &.N- nanosquare plates were about 50<n&hnm and the average

alkyltrichlorosilanes with short carbon chain length&€{C  thickness was 3.0 nm, as measured using REMe( Sp

and G, showed no visible formation of white crystals ininterestingly, the EDX ansily of the octadecyl silica
acetone. This can be attributed to the limited interactions faranosquare plates showed the presence of Cl in them,
the formation of self-assembled structures in the case-of thandicating the partial hydrolysis of OTSH&b(re b). On
alkyltrichlorosilanes witthast carbon chain lengths in the contrary, the white solid collected from the lower part
acetone. Furthermore, theeet of the HO content of showed an amorphous multilayer lamella structure and did not
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Figure 2.(a) Schematic for the synthesis of self-assembled octaddapi&i®sheets and octadecyl silica nanosquare plates. (b) Solution-based
one-step method to produce the superhydrophobic self-assembled 3D structure on the glass surface. (c) Photograph of the coated cover gla
cmx 2.2 cm). (d) SEM image of the superhydrophobic surface on glass.

contain Cl, as revealed by the TEM and EDX analigisg signi cant changes in its Raman spectrum: (1) the strong
1b) results, respectively. Téfere, the octadecyl silica peaks of trans bonds at 1063 and 1129amd (2) a shift of
nanosquare plate structure is believed to be the intermediatem ! in the location of the J:)eak corresponding to the CH
structure obtained during the formation of the multilayetwist mode (1300 cm').'®?* The 2850 and 2888 ci
lamella structures. Although several researchers have sugggstakis of OTS-ClI shifted to 2846 and 2881 with a change
the two-step formation mechanism fomtbetadecyl lamella in the intensity after the formation of the octadecyl silica
structure, the intermediate structure was not clearly identianosquare plate and lamella structifiesire @).> The
ed!**#°To the best of our knowledge, this is tisereport  alkyl chains in both the structures showed trans-conformation.
identifying the intermediate structure obtained during th&his is consistent with the results reported previgtisly.
formation of the multilayer lamella structure. These results suggest that the octadecyl silica nanosquare plate
The FT-IR EFigure t) and Raman spectroscopy resultsand lamella structures are the hydrolyzed products of OTS-CI.
(Figure #) indicated the changes occurring in the chemicalhe nanosquare plate structure is expected to be the
structure of OTS-CI during the formation of the self-assemblaadtermediate structure of theoctadecyl lamella structure
siloxane structures. The FT-IR spectrum of the self-assemb{&ijure 2).
siloxane structure showed strong absorbance peaks at 1026Formation of Nano/Microstructures on the Surface.
1110 cm' corresponding to the $D Si antisymmetric The method used to produce self-assembled nanosheet
stretching mode=(gure ). These peaks were not observed structures in solution was utilized to form nano/micro-
in the FT-IR spectrum of OTS-CIl. The strong absorbancetructures on the desired substrates, as shdviguie B.
peaks at 2852 to 2968 c¢raorrespond to the symmetric and First, the substrate (i.e., glass) was immersed in acefone (H
asymmetric vibrations of gHndicating the presence of a content 0.5%). Then, OTS-Cl was quickly added to acetone to
large number of trans conformational alkyl ctidihe. broad adjust its nal concentration to 2.0%. White crystals were
peaks at 310@500 cm! indicate the presence of water readily formed in the solution. These crystals deposited on the
molecules in the self-assembled crystals. These results sandace of the substrate. After 30 min, the glass was washed
consistent with those reported previdushy. thoroughly with acetone. A highly uniform white coating layer
The Raman analysis results also supported the formationvedis formed on the glass surface, which was semitransparent, as
the self-assembled structures. Thompsorfeetatied out  shown inFigure 2. The SEM analysis of the coated surface
the Raman spectroscopy analysis ofi-titadecyl lamella showed the presence of a uniform 3D nano/microstructure
structure and suggested that the alkyl chains of this structlféigure #). It is known that nano/microstructures with
are essentially in theta#insconformation on the basis of two hydrophobic surfaces are highly important for producing
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Figure 3.(a) AFM images, (b) XPS analysis results, and (c) contact angle measurements of the glass surface (1); OTES-treated glass in ac
(2), toluene (3), and EtOH (4); and OTS-Cl-treated glass in acetone (5), toluene (6), and EtOH (7).

superhydrophobic surfat&s’ Because the surface wettability and OTES ethanol solutions showed dots with heights®f 8
of a material is mainly governed by its multiscale roughnessd 2 5 nm, respectivelfFigure a-3,a-4). However, the glass
and hydrophobic surface chemiStry,variety of materials surface immersed in the 2% OTSaCétone solution showed
(i.e., ZnO.* carbon nanotubés, uorine precursot’’), a micrometer-scale rough surface (height variati&00 0
morphologies, and techniques (i.e., spray C&stiod, nm) with self-assembled crystélgyre a-5). The glass
lithography; sputtering® sol gel chemistry, nanoparticle ~ immersed in the OTS-Gbluene solvent showed no 3D
assembly on various substrates (i.e., glagsric>® steet®) structures (<0.3 nm)F{gure 2-6). In contrast, the glass
have been extensively investigated. The solution-based methodace immersed in the OTS-&hanol solution showed an
is viable with the spray coating method; however, on a largesgular structure formation 0 nm) (Figure a-7). The
scale, the solution-based method is desirable for substratesall dots observedfigure a-2,a-3,a-4,a-7 were expected to
with complex dimensions, such as a 3D structure withe a small OTS island which can be produced from a long
curvature (inside or outside). treatment time (12 h) and the dot structures are variable
To determine the optimum conditions for the formation ofdepends on the solvéfit> The clear contrast in the AFM
self-assembled structures on the substrates in soluti@malysis between OTES and OTS-CI in acetgfieqbhtent:
systematic studies for the related surface chemistry wé¥&%) is because of the atent hydrolysis kinetics. As
performed. Silane derivatives and the solvent type are beliesedgested by Naik et*8lthe formation of oligomers in the
to be important parameterseeting the properties of coated case of OTS-Cl before they attach to the surface and
surface. Two silane derivatives: OTS-Cl and OTES wesraibsequent stacking on the surface is the reason for the
dissolved in three dirent solvents (2 w/v %): acetoneCH formation of nano-microstructures, which is greatly important
content: 0.5%), anhydrous toluengldontent: <0.2%), and in the superhydrophobic property.
anhydrous ethanol (B content: <0.2%) in the presence of For XPS analysis, the glass immersed in the OTS-CI
the oxygen plasma-treated ,Sifass in the solutions. The acetone solution showed the strongest C 1s peak intensity (5),
resulting surfaces were analyzed using AFM, XPS, and confaltbwed by those immersed in the OTSt@liene (6) and
angle measurements. The oxygen plasma-treated glass su@a¢eS toluene (3) solutionsHgure B). Because of its
showed subnanometer-scale surface roughness (<0.2 nm)extensive self-assembly formation, the glass surface immersed
shown inFigure 3-1. The glass surfacEiglire &-2) in the OTS-Clacetone solution showed the highest carbon
immersed in the OTE&cetone solution for 12 h showed a content among all of the surfaces investigated. The relatively
at surface with ultrasmall (<1.0 nm) dots spread on thstrong C 1s peaks of the surfaces immersed in toluene indicate
surface. The glass surfaces immersed in the ©@liERe that e cient siloxane bond formation occurred between the
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Table 1. Water Contact Angles, Surface Energies, Hysteresis, and Sliding Angles of the Glasses Coated with OTES or OTS-C
in Acetone, Toluene, and Ethanol
OTS-Cl/
SiO/Si OTES/acetone OTES/toluene OTES/EtOH OTS-Cl/acetone OTS-Cl/toluene EtOH

static water contact 20.99+ 1.70  53.69338 3.50 101.7838 3.06 37.06338 5.33  159.0438 1.81 106.416¥ 1.02 51.0% 0.53
angle {) £+ SE

surface energy 71.78833 54,511 30.6066 63.881 7.12433 28.7957 55.6937
(mJ/m?)

hysteresis°f 6.25 13.84 11.83 12.21 1.47 13.04 16.29

sliding angle°f 49 90 24 90 0 29 59

Figure 4 Formation of OTS self-assembled structures and SEM images of the structures formed on (a) hydrophilic glass and (b) hydrophobic g
surfaces. Water impact tests with single droplet. (t8lume) impacting on 3dilted (c) hydrophobic surface and (d, e) superhydrophobic
surface al < 25°C from a height of 10 cm. Images from top to bottom depict the droplet impact, maximum sprgadiraxithum

retraction £;,), and freezing.

hydroxyl group of the glass surface and the silanes in OTESt@ated with OTES and OTS-ClI in toluene were calculated to
OTS-Cl. be 30.6 and 28.7 Jimrespectively. The contact angle
Next, the contact angles with a water dropletl(16f the hysteresis and sliding angles of the surfaces were determined
surfaces were measuteals shown iffigure 8. The highest by measuring their advancing and receding &Hbesglass
contact angle (160)7was observed for the OTS-Cl-treated coated with OTS-Cl in acetone showed very narrow contact
glass surface in acetone, followed by the glass surfaces treatege hysteresis1.47) and, most importantly, a sliding angle
with OTS-CI in toluene (106:38and OTES in toluene of (°, which indicate its superhydrophobic behakiguie
(104.8) (Figure 8). Furthermore, the surface energies of theS6-b,6%
glass substrates were calculated using the OVierdt Thickness Control and Superhydrophobicity of the
geometric mean equation and their water and diiodomethaiNano/Microstructures. Next, we investigated theeet of
contact anglé$.In general, hydrophobic surfaces show lowthe surface properties of the glasses on the thickness of the
surface energy. As can be observedTiabia landFigure nano/microstructures formed on their surfaces. Tweedt
S4§ the surface energy of the glass surface treated with OTSgldsses with hydrophili€igure &) and hydrophobic surfaces
in acetone was calculated to be 7.12, dich is 10 times  (Figure #) were used to produce the nano/microstructures.
lower than that of the oxygen plasma-treated hydrophilic glabs achieve hydrophilic properties on the glass surface, the
surface (71.7 JAn The surface energies of the glass surfaceglass slide was treated with oxygen plasma (50 W) for 2.0 min.
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Figure 5.(a) Photographs of the coated glass (6 in. diameter), (b) glass bottle, (c) glass tube, (d) polyurethane tube, and (e) copper tube with t
self-assembled structure in acetone.

To obtain a hydrophobic glass surface, the glass slidst was thicknesses and nano/microscale structures were investigated
treated with oxygen plasma and was then immersed in By comparing their water-repelling performances. The water-
OTS-CI 2% toluene solution for 1.0 h. Both of glass slides witepelling performance of surfaces is sanily related with

two di erent surface properties were immersed in acetoriee-free surfacksh nanostructured surface can reduce the
(H,O content; 0.5%) and OTS-Cl was added to form thecontact time and area of impinging water droplets, which
nano/microstructures. In both the cases, semitransparent whigsults in an ice-free surface if the droplets bourmefare
surfaces were obtained, as shoviigime S7a,lThe water  the nucleation of ic€.The contact area and water bouncing
contact angles of both the surfaces with the nano/micrgerformance of a surface are crucial for preventing ice
structures were measured to be 1§Eigure 4) and 1615 accumulation on it. To evaluate the contact area and water
(Figure b), respectively. However, the stylusi@noetry and bouncing performances of threeedint substrates, we
SEM analysis results showed that the surfaces exhibithlyzed the dynamic behavior of single droplets impinging
signicantly dierent thicknesses, surface roughnesses, angon them from a height of 10 cmTat 25 °C (see the
self-assembled structures. As showigine 4, the nano/  experimental schemeFigure SB'° The hydrophobic glass
microstructures formed on the hydrophilic glass surface hadarface fabricated by immersing the oxygen plasma-treated
micrometer thickness 1.67 m) with a less dense lamella glass in the OTS-Cloluene solution, and the super-
structure and sparsely distributed surface structures. Thgdrophobic glass surfaces produced from the hydrophilic
roughness parameters suclBgaiithmetric mean heighg, (Figure 4) and hydrophobic surfacesigire #) were
(root-mean-square height)) were found t&Bp€.16 m) selected to evaluate the dynamic behavior of singlet droplets
and§,; (0.20 m). However, the self-assembled surface formeithpinging upon them at an angle df 20high-speed video

on the hydrophobic surface showed a highly dense am@mera was used to capture the sequential images of droplet
uniform micrometer-thick (3.44n) lamella structure (3.44 impact, maximum spreading.j, maximum retractiom,),

m). The roughness paramet@r&rithmetric mean height) and freezing. Thg,,, and r,;, contact areas of the water
and§, (root-mean-square height) were found to be 0.01 androplet on the hydrophobic surface were 9.15 and 1.55 mm,
0.40 m, respectively. The uniform and thick lamella structuragspectivelyHigure ¢). The droplet remained pinned and did
are expected from the @ent stacking of OTS lamella not fully withdrawr.,, > 0, resulting in freezing. On the
structures on the hydrophobic substrate. superhydrophobic surfaces prepared from the hydrophilic

The e ect of surface structures on the water invasion witeurface Kigure d), ther,,,,andr.,;, contact areas of water
time was investigated by monitoring the changes in theidroplet were 7.04 and 1.1 mm, respectively, and complete
contact angles. As showrFigure S7cthe contact angle of retraction occurred. On the superhydrophobic surfaces
the thin nano/microstructure surface changed from 161.7 torepared from the hydrophobic surfaggufe 4), ther .

159.27 after 5 min. In contrast, the contact angle of the thickandr,,, contact areas of water droplet were found to be 7.14
nano/microstructure surface changed from 161.6 to °159.9and 0.0 mm, respectively, indicating the occurrence of
after 5 min Figure SGc These results indicate that the densecomplete retraction. The superhydrophobic surfaces prepared
and thick lamella structures formed on the hydrophobifrom the hydrophobic surface showed the loyygsbntact
substrates are more desirable than hydrophilic substrates doga, and hence excellent icephobic properties.
preparing superhydrophobic surfaces. The icephobic property was further evaluated by measuring
Repulsion of Impacting Water Droplet. Furthermore,  the ice adhesion strength with the method in the litefature.
the surface properties of the substrates witbredit Three dierent glass substrates such as bare glass, hydrophobic
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glass (prepared with OTS-Cl in toluene), and superthat the solution-based method with speobnditions is a
hydrophobic glass were investigated to compare their ipeomising approach to produce superhydrophobic and ice-
adhesion strength. The ice adhesion strength was calculateghobic surfaces on a large scale for various 3D structures
be 468+ 55 kPa (bare glass), 2311 kPa (hydrophobic composed of diverse materials. Since the durability of the
glass), and 42 0.5 kPa (superhydrophobic glass) indicatingnano/microstructures for mechanical and chemical damages is
the excellent icephobic performance of superhydrophobigeatly important for practical applications, further in-depth
surface. We also observed the sigmi freezing delay in studies are also urgently requifed.
the case of superhydrophobic glass.
Formation of 3D Self-Assembly on Large-Scale Two- ASSOCIATED CONTENT

Dimensional (2D) Flat Surfaces, 3D Surfaces, {;md *  supporting Information
Diverse Materlals.The_strategy used for the formation of_ Supporting Information is available free of charge at
the 3D self-assembly in solution can be used as a practigg s://pubs.acs.org/doi/10.1021/acs.langmuir.1c00356
method to produce superhydrophobic surfaces because of it ] o
scalability and applicability for complex surface structures. To ~ Photographs of 2% solution (toluene, distilled water) of
demonstrate the scalability of this strategy, we used it for ~ alkyltrichlorosilane and 2% OTS-ClI solution in acetone;
forming a self-assembly on a glass with a diameter of 6.0 in. As  TEM and AFM images; XPS results; contact angle with
shown inFigure @, the entire surface of the glass was coated  time; and experimental setup of water droplet impact
uniformly with OTS nano/microstructures. This method could (PDR
also be applied to the inner side of a glass bétled B) or
the exterior of a glass tulbégure 8). This indicates the wide AUTHOR INEFORMATION
applicability of this strategy for forming complex surfac
structures, which cannot be formed using convention
techniques such as spray coating or nanoparticle assembl
To extend the applicability of this method to diverse materials,
it was applied to a tube made up of polyurethane or copper. As
shown inFigure 8,e, these tubes were uniformly coated with
OTS nano/microstructures. Because of the strong hydroy,ihors
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superhydrophobic surface on versatile surfaces such as g
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