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The present work reports a simple and economic route for production and characterization of stable
superhydrophobic surfaces from thin copper layers coated on arbitrary solid substrates. The thin copper layer
was anodizedn a 2 M aqueous solution of potassium hydroxide to form a thin film of copper hydroxide
nanoneedles; then the film was reacted witlodecanethiol to form a thermally stable Cu{3Gs).
superhydrophobic coating. The contact angle of the modified nanoneedle surface was higher thandl50

its tilt angle was smaller tharf 2Furthermore, the surface fabricated on copper foil kept its superhydrophobic
property after heating at 16 in air for over 42 h. This technique has also been applied for fabrication of
copper wire with superhydrophobic submicrofiber coating to mimic water strider legs. The maximal supporting
force of the superhydrophobic copper column has also been investigated in comparison to real water striders.

Introduction water striders were focused on for their special ability to walk
quickly on the water surfac®:25 It was reported that the legs
of water striders were columns in shape and covered by large
numbers of submicrometer-sized hairs with fine nanogrooves.
The hierarchical structures of strider legs make them superhy-
drophobic and generate high surface tensions, which make the
water striders move quickly on the water surfde&uperhy-
drophobic coatings composed of dendritic gold clusters have
recently been fabricated on a gold column by a layer-by-layer
deposition method® However, to date, no method has been
developed for fabricating superhydrophobic submicrofiber coat-
ings on column substrates.

Recently, we developed a method for fabrication of copper
hydroxide nanoneedles on copper fiilHere, we desire to

Superhydrophobic surfaces with water contact angles (CA)
larger than 150and tilt angles (TA) less tharf have attracted
extensive attention for their potential application in self-cleaning
surfaces, microfluidic devices, and many other industrial
processe$:3 Various techniques for achieving superhydropho-
bic surfaces including roughening the surfaces of hydrophobic
materials (e.g., roughening hydrophobic polymer surfaces by
thermal or solvent treatment, template syntheses, electrospinning
plasma polymerization or etchirfg? and solidification of melted
alkylketene dimme#,etc.) and modifying rough surfaces with
materials of low surface free energies (e.g., coating waterproof-
ing breathable fabriésor thiol layers on copper or gold fractal

0,11 i i —16 _
Z?ﬁ;?gﬁjj (P.?g{ét}nc?n F\)/erfigjtj)sr?ztzrﬁine dogoqﬁjl};(jig{argltféoetc) demonstrate a simple way to fabrlcatg thermally stable, low-
also have been developed in recent years. However r;mst. ofCOSt' and Iarge_ area superhydrophoblq surfaces based on t_he
these approaches involve expensive and cohplex time,-consum-COpper hydrO_X|de nanoneedles for various substrates. In_th|s
ing procedures or are only applicable to special substrates whichP ¢SS @ thin layer of copper was electroplated on a given
prevent practical application on a large scale Furthermoré thereSUbStrat?’ then the copper Ia}yer was transfprmgd Into a nano-
are few publications concerning the thermai stability of Sl’Jper- need_le film of copper hydro>_<|de by a_nodlzat|on In an aqueous
hydrophobic surfaces. Recently, we successfully fabricated solution of potassium hydromdt_a, and finally the nanoneedle f|_Im
superhydrophobic surfaces on C(’)pper foils under mild condi- was reacted Wlthn-dodecanethlol FO fprm a superhydrophoblc
surface. Replacing the copper foil with copper wire fabricates

e ; .
tions:™ However, in these cases, a thin gc_)ld layer has to b? a submicrofiber superhydrophobic structure similar to that of a
deposited on the substrate for assembling a hydrophoblcwater strider's leg

monolayer of alkylthiol. On the other hand, it is well known
that_electrocljgmical procedures can _be _accurately cor_ltrol_led a”dExperimentaI Section

easily magnified on the large scale in industry. Fabrication of . ] o
superhydrophobic surfaces through electrochemical approaches Synthesis of Cu(OH) Nanoneedle Film.The fabrication
has been reported ald®2° However, in these cases, the procedure for Cu(OH)nanoneedle film was reported previ-

electrochemical techniques were limited by the properties of ously?’ Typically, growth of this film was carried out at room
the substrates. temperature in a one-compartment cell by use of a model 263

Biomimicry is also one of the most important research areas Potentiostat-galvanostat (EG&G Princeton Applied Research)
in modern scienc& 22 Studying the biological microstructures ~ Under computer control. Alcopper foil (99.9%) (washed suc-
and mimicking the structures to make the materials useful for c€ssively with a 2.0 mol * HCI aqueous solution, acetone,

human beings have attracted extensive atterifiéhRecently, ~ and ethanol for-5 min each under ultrasonication; finally, it
was dried with a dry Mstream before experiment) or a substrate
* To whom correspondence should be addressed. Pht86:10-6277- coated with a thin copper film was used as the working electrode
3743. Fax: +86-10-6277-1149. E-mail: gshi@tsinghua.edu.cn (surface area= 3 cn¥). The counter electrode was a stainless
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TABLE 1: Composition of the Electrolyte Used for Thermogravimetric analysis was carried out using a TGA 2050
Electroplating Copper Film on Various Substrates system (TA Co.). X-ray photoelectron spectra (XPS) were taken
components amount on a PHI Quantera SXM (PE Co.) X-ray photoelectron
copper pyrophosphate hydrate ¢8:0;) 69 spectrometer.
potassium pyrophosphate trihydratg0O7-3H.O 32¢g ; ;
triammonium citrate ((Nk)3CsHsO7) 25¢g Results and Discussion
H.0 100 mL The synthesis and characterization of Cu(@rgnoneedles
pH 8.5 fabricated on copper foil have already been described previ-

ously?” The as-prepared Cu(Ofipanoneedle film has a high-
steel sheet (AISI 304, surface area3.2 cnf). The electrolyte  energy surface with a contact angle close toTb fabricate a
was a 2.0 mol L* aqueous solution of KOH. The solutions  superhydrophobic surface we treated the film with a 10 mmol
were deaerated by dry nitrogen bubbling and maintained at aL~1 ethanol solution ofi-dodecanethiol for 1.5 h in order to
light overpressure during the experiments. Cu(©tnoneedle  |ower its surface energy. Figure 1 illustrates the SEM images
film was electrochemically grown at a constant current density of the nanoneedle film before (A) and after (B) treatment with
of 1.5 mA cnt2 for 3 C cni2 at room temperature. n-dodecanethiol. It is clear from this figure that the morphology

Synthesis of a Cu(OH) Submicrofiber Column. Growth of the thiol-modified nanoneedle surface (thidINS) is differ-

of submicrofibers on copper wires was carried out by anodiza- ent from that of pristine Cu(OH)nanoneedle film. The appear-
tion of a copper wire at 206C in a one-compartment cell by  ance of the nanoneedle surfaces was changed, and the nano-
use of a model 273 potentiostat-galvanostat (EG&G Princeton needles themselves adhered together into bundles to form a
Applied Research) under computer control. The copper wire highly rough surface, indicating reactionmfiodecanethiol and
was 140um in diameter, which is almost the same size as that Cu(OH), nanoneedles. Chemical reaction caused the destruction
of a mature water strider’s leg. Copper wire was used as the of the Cu(OH) nanocrystal and the morphology to change. The
working electrode (surface area 0.066 cnd). The counter  copper concentration of 25 mL of thiol solution after treating a
electrode was a stainless steel sheet (AISI 304, surface=area 3 cn? copper foil with Cu(OH) nanoneedles was measured to
3.2 cn¥). The electrolyte was a 2.0 mol 'k aqueous solution  be only 0.25 mg L by an inductively coupled plasma-atomic

of KOH. emission spectrometer, indicating that the as-prepared-thiol
Growth of Copper Films on Different Solid Substrates. MNS is insoluble in the solvent. After thiol modification the
Clean stainless steel and (AISI 304) silicon waferGQ cm) water contact angle of the nanoneedle surface was measured to

were used without any previous treatment; the glass and PTFEbe as high as 155and its tilt angle was tested to be smaller
electrode was covered with a thin film of silver by silver mirror  than 2 (see insert of Figure 1B). The contact angle of the droplet
reaction. Copper film was electrochemically deposited at a changed from 155to 160 after exposure to an ambient environ-
constant current density of 10 mA cthfor 20 C cni? at 50 ment for 30 min, which indicates the surface is stable with time.
°C using copper foil as the counter electrode. The composition In comparison, a flat copper foil was also treated witdo-
of the electrolytes is listed in Table 1. The as-prepared copper decanethiol through the same chemical procedures. The contact
film electrode was washed with deionized water and dried with angle of the modified flat copper surface was measured to be
N stream. only 11C. This result indicated that the nanostructures of the
Surface Treatment. The as-prepared Cu(OH¥ilm was n-dodecanethiol-modified Cu(Oklpanoneedle surface (thiel
immersed in an ethanol solution nfdodecanethiol (10 mmol  MNS) strongly enhanced its hydrophobicity.
L1 for 1.5 h and then washed with ethanol and dried with N Furthermore, the superhydrophobic property of thigdINS
stream before characterization. The as-prepared Cuy(€by was tested to be thermally stable. The water contact angle of
microfiber column was immersed in an ethanol solution of thiol-MNS described above did not show any change even
n-dodecanethiol (1 mmol %) for 3.5 h and then washed with  when the surface had been kept in air at Z@D for 2 h
ethanol and dried with Nstream before characterization. Pristine  (Supporting Information, Figure S1). When the modified
Cu(SG;Hzs)2 was prepared by direct reaction of Cu@tjueous nanoneedle surface was heated at 460n air for a very long
solution with n-dodecanethiol at a molar ratio of 1:2. Pristine time (42 h), the surface still exhibited the superhydrophobic
Cu(OH), was prepared by direct reaction of CyGlqueous property with a water contact angle as high as°184d tilt
solution with KOH at a molar ratio of 1:2. Flat Cu(OHfjlm angle smaller than°2 The surface will not decrease even when
was fabricated by planish Cu(OHparticles under 5 MPa  bending the copper substrate to over L2Zter heat treatment
pressure using a GX Fourier transform infrared (FT-IR) at 160°C the surface retains its superhydrophobic property even
spectrometer. when the surface was rubbed by a piece of paper. Cuy{GH)
Characterizations. Water contact angles were measured by thermally unstable and can be easily decomposed into CuO at
a contact angle system, OCA 20, made by Dataphysicstemperatures higher than 18G as demonstrated by the TGA
Instruments GmbH (Germany). The size of the water droplet curve shown in Figure 2 (solid liné}.Therefore, the thermal
was 5uL. The static contact angle measurement was carried stability of modified film implies thah-dodecanethiol was not
out after the droplet deposited on the surface for 20 s. The simply adsorbed on the Cu(OfBurface. In fact, Cu(OH)can
contact angle value was obtained by measuring five different react withn-dodecanethiol following the equation Cu(QHj
positions of the same sample. The tilt angles were measured2C;,Hzs—SH— Cu(SG2H2s)2 + 2H,0. Thus, the nanoneedles
five times for each sample by tilting the sample with &5 were covered with hydrophobic alkyl chains after chemical treat-
drop on it until the drop began to slide. Scanning electron ment. Cu(S&H2s), exhibits a decomposition temperature of
micrographs (SEM) were taken out by use of a FEI Sirion 200 approximately 250C (Figure 2, dashed line); the Cu(§H2s)2
scanning electron microscope. lon concentrations were measureaoating enhanced the thermal stability of thitINS. As shown
using an inductively coupled plasma-atomic emission spec- in Figure 2, dotted line, the thiol-modified nanoneedles de-
trometer (ICP-AES), model Vista-MP (VARIAN Co.). X-ray = compose in two steps. The first step in the temperature range
diffraction (XRD) was carried out using a D8 Advance (Bruker) of 170-200 °C is attributed to dehydration of Cu(OHpf
X-ray diffractometer with Cu k& radiation ¢ = 1.5418 A). the nanoneedle host, and the second step in the temperature
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Figure 1. SEM images of the film before (A) and after (B) treatment with an ethanol solutiondafdecanethiol (10 mmol 1) for 1.5 h (the
nanoneedles were deposited at a constant current density of 1.5 mfArcgh0 mol L-* KOH solution for 3C cm?). Insert of B: digital camera
image of a water droplet on the film after treatment at room temperature (drop weigBtmg).

100 - film.31 However, after treating with-dodecanethiol, this O 1s
. \ . = N peak is greatly weakened while a strong C 1s peak of alkane at
90 LIPS 284.8 eV appears. These results provided additional evidence
80 | . ‘\ for reaction of Cu(OH) andn-dodecanethiol. There is a weak
:\: 70 ] e e carbon peak in the C 1s spectrum of as-prepared Cu{€lihh)
5 \ which is attributed to a trace amount of impurity.
g 607 \ As mentioned above, as-prepared Cu(&tfnoneedles film
o 50 \ shows a superhydrophilic property. We found that the flat
€ 0] \ surface of a pellet formed by pressing Cu(@Harticles under
E ] \ 5 MPa pressure (see Experimental Section) has a water contact
o1 e L L ____ angle of 62. A Wenzel equation is usually used to describe
20 the contact angle on the rough surface in this situatfargs
10 6* =r cos6 (0* = contact angle on the rough surface=
| contact angle on the flat surface= ratio of the actual over
0

the apparent surface area of the substrate). Thuer the
superhydrophilic Cu(OH)nanoneedle surface was calculated
Temperature (C) to be about 2.2. Modifying the film witm-dodecanethiol
Figure 2. TGA traces for as-prepared Cu(QH)anoneedles (solid produces a hydrophobic surface, and surface roughness enhances
line), the thiol-modified nanoneedles (dotted line), and pristine jts contact angle to over 130in this situation air trapped below
g“ﬁ%ﬂzg)tz édgzrl‘;drg{;g)ogrle_ga&i‘l Zgg'rfgst \:\‘?g‘:'ﬁga‘:“;cﬁﬂ‘i at o e water droplet can significantly enhance the surface hydro-
rate of 20°C min-2). ' P phobicity and the contact angle is usually describe®cos
0* = =1+ @41 + cos6) (6* = contact angle on the rough
scale of 226-250 °C is attributed to decomposition of the surfacef = contact angle on the flat surfaggs = fraction of
Cu(SG2Hzs)2 skins of the thiol-modified nanoneedles. Accord- solid in contact with water).n-Dodecanethiol treated flat
ing to the TGA data we can calculate that the film was com- Cu(OH), film mentioned above has a water contact angle of
posed of 76% Cu(OH)and 24% Cu(SGH2s)2 (by weight). about 110; the thio—MNS has a water contact angle of 255
It was found that the dehydration reaction changed the nano-Accordingly, ¢s of the thio-MNS was calculated to be 14.2%,
needle morphology little and the Cu(§H82s), coating made indicating that about 86% of the total surface area was trapped
the superhydrophobic surface stable at temperatures as high awith air.
200°C. It is well known that electroplating of copper on various solid
High-resolution X-ray photoelectron spectral results also substrates such as a microprinting circuit or plastic can be easily
confirmed that the surfaces of Cu(QHhanoneedles were realized. Thus, the electrochemical approach for fabrication of
converted to Cu(SGH.s), after reaction witm-dodecanethiol. thermally stable superhydrophobic surfaces described above can
The XPS spectra of the surfaces of as-prepared Cu{OH) be extended to other substrates. Here, we used two conductive
nanoneedle film (a), thiol-modified nanoneedle film (b, thiol (stainless steel sheet and silicon wafer) and two insulating (glass
MNS), and a pure copper foil after thiol treatment (c) are shown and polyethylene tetrafluoride, PTFE) substrates as examples.
in Figure 3. As can be seen from this figure, no obvious $2p  First, a thin layer of copper was electrochemically deposited
peak was found in the spectrum of as-prepared CugOH) on the surface of each substrate at 10 mA&for 20 C cnT2,
nanoneedle film. However, the spectrum of tRiMNS showed The insulating substrates were precoated with a thin layer of
two S 2py2 peaks. The peak at 162 eV is related to the sulfur silver by use of the silver mirror reactidAThen, a surface of
of Cu(SG:Hzs)2, and that at 163.5 eV is associated with the Cu(OH), nanoneedles was achieved on the substrate through
sulfur of freen-dodecanethidl?20Accordingly, on thio-MNS, the same electrochemical procedures described above. Figure
most of the n-dodecanethiol molecules changed into the 4A, B, C, and D shows typical SEM images of as-prepared
corresponding copper salt, while on the copper foil surface, most copper hydroxide nanoneedle film on a stainless steel, silicon
of the thiol molecules are in the free state. Thus, it is reasonablewafer (103 Q cm), glass, and PTFE sheet, respectively. As
to conclude than-dodecanethiol reacts with Cu(OHnuch can be seen, the nanoneedles constructed a rough porous surface
easier than with metallic copper. Furthermore, there is a strongon each substrate. The inserts of Figure 4A and B are profile
O 1s peak at 531.2 eV in the spectrum of as-prepared Cy(OH) SEM images of the samples. They clearly demonstrate that the
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Figure 3. High-resolution XPS spectra of as-prepared Cu(OH)
nanoneedle film (a) and the same film (b) or a copper foil (c) after
treatment withn-dodecanethiol.
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film coated on stainless steel is compact, even when the surface
is_ _Iacerated by a knife, while the _quality of the film c_oated ON  Figure 5. SEM and TEM images of as-prepared Cu(@sbmicrofi-
silicon, glass, or PTFE was relatively worse. The thiBINS bers deposited at a constant current density of 2 mA2im2.0 mol
fabricated from these surfaces also exhibited superhydropho-L—1 KOH solution for 1500 sT = 20 °C. (A) overall image,; (B)
bicity with a contact angle larger than 154nd tilt angle less ~ magnified image, (C) TEM image. Inset: SAED pattern.
than 2 and also can resist a high temperature of 20qFigure
4). After the hea treatment, the superhydrophobic layer still graphs (SEM) of a copper column after anodization in a 2.0
adhered firmly on SS substrate while delamination occurred at mol L~* aqueous solution of KOH at a constant current density
the interface of the superhydrophobic coating and silicon, glass,of 2 mA cnm2 for 3 C cnT2. As can be seen, the copper wire
or TFEE substrate due to their different mechanical and thermalwas coated compactly with submicrofibers. Figure 5B is a
properties. magnified view of the as-prepared submicrofibers, which
Anodization of a copper column was also successfully demonstrated that they are5 um in length and 156300 nm
achieved. Figure 5 shows the typical scanning electron micro- in diameter. The morphology of the copper column surface is
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Figure 7. Model constructed for mimicking a water strider.

the superhydrophobic copper column (which is similar to the
legs of water striders). To simplify the measurement, a model

Figure 6. SEM images of as-prepared copper hydroxide submicrofibers Was constructed to mimic the water striders. As shown in Figure
after treatment with an ethanol solution midodecanethiol (1 mmol 7, the body of the spider model was made of an oval plane of
L-1) for 3.5 h (the fibers were deposited at a constant current density polyethylene tetrafluoride (PTFE). Six superhydrophobic copper
of 2 mA cnT2in 2.0 mol L™ KOH solution fa' 3 C cnt?): (A) overall columns (blue parts, 1.5 cm each) were arranged symmetrically
view and (B) magnified view. at the two sides of the plane. The unmodified copper wires (1
cm each, yellow parts) were fixed 12t the plane. The angle
similar to that of water striders’ leg. Our energy-dispersive X-ray between the superhydrophobic wire and the pristine copper wire
spectroscopy (EDX) measurement affirms a strict stoichiometric was also about 120To prevent the water surface from being
ratio of Cu:O = 1:2, which reveals that the as-prepared pijerced by the sharp tip of the superhydrophobic copper wire,
submicrofibers were composed of Cu(QHYRD measurement  part of the wire end (about 3 mm) was bent vertical to the water
of the as-prepared product on the copper foil (instead of copper surface. During the test process the model spider was put onto
wire) is in agreement with the orthorhombic phase Cu(©H) the water surface carefully and additional weight was loaded
(JCPDS 13-420). Figure 5C is a transmission electron micro- until its feet were completely immersed in the water. The
graph (TEM) of an as-prepared Cu(QHjubmicrofiber. The  maximal supporting force of each superhydrophobic foot of the
selected area electron diffraction (SAED) pattern of a 300 nm spider model was measured to be about 83 dynes; this value is
wide fiber (inset, Figure 5C) indicates that the fiber is a single close to that of the real water strid@PsWe also used thiol-
crystal. According to the features of the diffraction pattern, treated smooth copper wires (GA11() as the feet of a spider
Cu(OH), fibers are arranged parallel to their (010) planes and model for comparison. The experimental results indicated that
the preferential growth direction of the single-crystal fibers is the maximal supporting force of each foot was measured to be
their [100] direction. only 29 dynes, which suggests that the superhydrophobic
It is known that water striders can move quickly on the water submicrofibers morphology is the principal factor for water
surface due to its superhydrophobic legs with submicrofibers. repellency.
To fabricate a superhydrophobic surface, the copper column |t is known that the weight of a static water strider model is
with Cu(OH) submicrofiber coating was immersed in an ethanol  sypported mainly by two kinds of forces. One is the buoyancy
solution ofn-dodecanethiol (1 mmol %) for 3.5 h, thenwashed  force, Fy,, deduced by integrating the hydrostatic pressure over
with ethanol, and dried with Nstream. Figure 6 illustrates the  the hody area in contact with the water; the other is the curvature
SEM images of the submicrofibers fabricated on the copper force, F., deduced by integrating the curvature pressure over
column after thiol treatment. The overall view of the thiol-  thjs area or equivalently the vertical component of the surface
modified surface (Figure 6A) is similar to that of the column  tensjon, s sin 6, along the contact perimet&3¢ Here, Fe is
surface with submicrofibers (Figure 5A). Figure 6B is a the more important factor. WheMg = Fy, + F, the maximal
magnified view of the column surface shown in Figure 6A. It sypporting force was obtained (whelgis the mass sum of
is clear from this image that the surface morphology of the thiol- the spider model and the additional load ayid the gravitation
modified submicrofiber surfaces is obviously different from that - constant). The superhydrophobic submicrofibers coatings on the
of pristine Cu(OH] fibers. The original smooth surfaces of  copper wire is effective for preserving air in the pores and
Cu(OH), fibers were roughened by the reaction witkdo-  forming a cushion at the wirewater interface that prevents the
decanethiol. When a water droplet was dropped onto the cop-yire from being wetted and causes a lafge In contrast to
per wire surface it rolled off quickly. As it is hard to measure gther superhydrophobic coatings, the submicrofiber coating has
the static contact angle of the wire surface, instead of the cop- deep pores in high number density, which makes the surface of
per column, we used a flat copper foil with 161 cn? for  the wire-water interface hard to be wetted by water under static
measuring the water contact angle (after anodization and thiol pressure. This may help us to understand why water striders

treatment, the surface morphology of the copper foil is similar ¢hoose the hierarchical structure of micrometer-sized tiny hairs
to that of the copper column described above). The contact angleyith fine nanogrooves.

of the thiol-treated copper foil with submicrofibers was mea-
sured to be 155 and its tilt angle was tested to be smaller than Conclusion
2°, which revealed that the surface was superhydrophobic.
To deeply understand the behavior of water striders on the We developed a simple way to fabricate a thermally stable
water surface, we investigated the maximal supporting force of superhydrophobic surface with high contact angles and a low
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