948 Chem. Mater2007,19, 948-953
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A facile method for preparing a superhydrophobic surface was developed by layer-by-layer (LbL)
deposition of poly(diallyldimethylammonium chloride) (PDDA)/sodium silicate multilayer films on a
silica-sphere-coated substrate followed with a fluorination treatment. First, a silica-sphere-coated substrate
that contains loosely stacked silica spheres of 600 and 220 nm was prepared and cross-linked pith SiCl
PDDA was then alternately assembled with sodium silicate on the silica-sphere-coated surface to prepare
a micro- and nanostructured hierarchical surface. Scanning electron microscopy (SEM) images verify
that the deposition of a 5-bilayer PDDA/sodium silicate multilayer film leads to the formation of a micro-
and nanostructured hierarchical surface. After chemical vapor deposition of a layer of fluoroalkylsilane,
a superhydrophobic surface with a water contact angle of 1and sliding angle of 3”lwas successfully
fabricated. The easy availability of the materials and simplicity of this method might make the
superhydrophobic surface potentially useful in a variety of applications.

Introduction To date, a variety of methods, such as lithographic

. _ patterning® laser/plasma etchiny,vertical alignment of

The superhydrophobic surface refers to these on which nanotubes/nanofibetésolgel method:! phase separatida,

the water contact angles are larger than®l&fd the sliding binary colloidal assembli glancing angle depositiot,and
angles are less than %BIn recent decades, there have been so forth’s have been developed for the preparation of
a growing ”“m?er of reports on the_ fabncat!on_ of thg superhydrophobic surfaces. Although these methods work
supgrhxdrophobm surface because of its potential mdustr_lalWeII for the preparation of superhydrophobic surfaces with
applications in numerous aspects, such as self-cleanlnghigh contact angles and low sliding angles, simple and

sgrf_ace% marine co at|ng§,ant|-adhe5|ye coatingsicrof- inexpensive methods are still highly desirable for industrial
luidic channels with reduced flow resistarfcand so forth. Lo .
applications of these kinds of surfaces.

The self-cleaning superhydrophobic surface originates from
the famous lotus effect of some natural leaves, which was
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The layer-by-layer (LbL) assembly technique, which was surface by depositing LbL assembled multilayer films on
developed by Decher and co-workétsyas been proven to  substrates with microstructures. To do so, silica-sphere-coated
be a simple and inexpensive way to fabricate various kinds substrate was selected to provide the microstructure and LbL
of surfaces with tailored chemical composition and archi- deposited 5-bilayer poly(diallyldimethylammonium chloride)
tecture in micro- and nanoscaféRecently, there have been (PDDA)/sodium silicate multilayer film was used to provide
several reports concerning the use of LbL assembly techniquethe nanostructures on top of the microstructures. After the
to construct superhydrophobic surfaé&g? Shiratori and modification of the as-prepared micro- and nanostructured
co-workers constructed superhydrophobic surfaces by first hierarchical surface with a layer of fluoroalkylsilane to lower
fabricating a LbL assembled hybrid film of polyelectrolyte/ its surface energy, a superhydrophobic surface with a water
SiO, nanoparticles and then removing the organic compo- contact angle of 157?1and sliding angle of 371 was
nents by calcination at 650C to develop an inorganic  obtained. The advantage of this method is that the preparative
nanostructure for superhydrophobic behavforhang and procedure is very simple and the materials used are easily
co-workers reported the use of polyelectrolyte multilayers available. Meanwhile, we believe that the use of sodium
as a preformed matrix for electrochemical deposition of gold silicate to generate the nanostructures on top of the micro-
and silver clusters to fabricate superhydrophobic surfétes. structures will provide a way to tailor the wettability of the
Rubner and co-workers mimicked the superhydrophobic surface by simply varying the parameters for the deposition
behavior of the lotus-leaf structure by first treating the 100.5- of the PDDA/sodium silicate films.
bilayer poly(allylamine hydrochloride) (PAH)/poly(acrylic
acid) (PAA) film in acidic solution to induce microporous Experimental Section
structure followed by overcoating the microporous surface
with silica particles® Cho and co-workers fabricated the

superhydrophobic surfa}ce by depositing silica nanOF,)amClesThe silica spheres were dispersed in anhydrous alcohol. 1H,1H,-
on the.surface ofa 1Q—b|Iay§r PAA-Cogted ;n@nopartlcle/ 2H,2H-perfluorooctyltriethoxysilane (POTS) was purchased from
PAH film followed with a simple ﬂuor'na.t'or%l Schienoff Degussa. Poly(diallyldimethylammonium chloride) (PDDA) aque-
and co-workers prepared ultrahydrophobic surfaces by a LbL ous solution with a molecular weight of 200 08200 000, silicon
assembly of fluorinated polyelectrolytes and natural nano- tetrachloride (SiG), and sodium silicate were all purchased from
rods?? Taking advantage of the amplified exponential growth Sigma-Aldrich. The solvents used were of analytical grade. Water
of PAA and polyethylenimine (PEI) in the presence of silver purified in a Milli-Q (Milli Pore) system was used during all the
ions, Ji and co-workers reported a way to construct PAA/ experiments. All reagents were used as received.

PEI-Ag" films with hierarchical micro- and nanostructures Treatment of the Substrate.A substrate of silicon wafer (X

for use as superhydrophobic surface after thermally cross-10 ¢n¥) was immersed in a slightly boiled piranha solution (3:1
linking the film2 The above results, as well as the easy 98% HSQ::30% HO, mixture) for 20 min and rinsed with copious
fabrication of large area films with LbL assembly technique, ?:mognt's F?_f Wﬁter' lln_ this way, fhe Iwafer: was .hydmph.”'lzed'
demonstrate that the LbL assembly technique holds great aution: Piranha solution reactsiolently with organic materials

ise in fabricati hvdrophobi " . imol and should be handled carefullypg-coated quartz crystal mi-
promise In fabricating superhydrophobic surfaces InasImpi€ ¢ropalance (QCM) resonators were sonicated in ethanol and water

and inexpensive way. and were dried by Nflow. The gold substrates were prepared by
LbL assembly technique enables the deposition of mul- sputteriny a 3 nmadhesion layer of chromium and a 100 nm layer
tilayer films on non-flat surfaceS®?* In this paper, we  of gold onto the cleaned glass slides. The newly prepared gold
examined the possibility to prepare a micro- and nanostruc- substrates were immersed in the piranha solution for several
tured hierarchical surface for use as a superhydrophobicseconds, rinsed with copious amounts of water, and dried with a

Materials. The silica microspheres with diameters of about 600
and 220 nm were synthesized using a modifiech8tanethod®

N> flow.
(16) Decher, G.; Hong, J. CMakromol. Chem. Macromol Symp991, Preparation of the Superhydrophobic Surface.The procedure
46, 321. for the preparation of the superhydrophobic surface is schematicall
(17) (a) Decher, GSciencel997, 277, 1232. (b) Zhang, X.; Shen, J. C. P IF__’. o P ty : tﬂ ; o y
Adv. Mater.1999 11, 1139. (c) Hammond, P. TAdv. Mater. 2004 shown in Figure 1 and consists of three steps as Toflows.
16, 1271. (d) Bertrand, P.; Jonas, A.; Laschewsky, A.; Legras, R. (I) Preparation of the silica-sphere-coated substréfbe silica
Eﬂﬁcrgrgglc.)aRgpAdls‘Commurﬂooq 21, 319. (e) Caruso, FChem:-— spheres used for substrate coating were dispersed in anhydrous
(18) Soeno, T.; Inokuchi, K.; Shiratori, Srans. Mater. Res. Soc. Jpn.  @lcohol. Before usage, the suspension was sonicated for a few
2003 28, 1207. minutes to disperse the silica microspheres well. The concentration

(19) (a) Zhang, X.; Shi, F.; Yu, X;; Liu, H.; Fu, Y.; Wang, Z,; Jiang, L.;  of the suspension was 2.8 wt %, which containe@0% (mass

Li, X. J. Am. Chem. So2004 126, 3064. (b) Zhao, N.; Shi, F.; Wang, . i or il
2. Zhang, X.Langmuir2005 21. 4713, (c) Jiang, Y. G.. Wang, Z. fraction) silica spheres of about 600 nm ard0% silica spheres

Q.; Yu, X.; Shi, F.; Xu, H. P. Zhang, XLangmuir2005 21, 1986. of about 220 nm. The deposition of the silica spheres was conducted
(20) (a) zhai, L.; Cebeci, F. C.; Cohen, R. E.; Rubner, MN&no Lett. at room temperature. The hydrophilized silicon wafer was first
ﬁ?mdflh.l&‘.l?hﬁ%)nzﬁ'/i.?; (B:?)T’?én,?/l#{.CE.EiIa(?]?)bfgtliz.Z%Og.é,T?]:&Y.; immersed in an alcoholic suspension of silica microspheres for a
(21) Han, J. T.; Zheng, Y.: Cho, J. H.; Xu, X.; Cho, &.Phys. Chem. B few seconds. The substrate was then withdrawn from the suspension
2005 109, 20773. at a speed of 1.5 mm/s. Under these conditions, the alcoholic solvent
(22) Jisr, R. M.; Rmaile, H. H.; Schlenoff, J. Bingew. Chem., Int. Ed.  yolatilized rapidly, leading to the deposition of the silica spheres
23) %8035;4;677?_%_; Shen, J. Gdv. Mater. 2006 18, 1441, onto the substrate. A silica-sphere-coated substrate was obtained
(24) (a) Caruso, F.; Caruso, R. A.; Mwald, H.Sciencel998 282, 1111. by repeating the deposition process three times. To further improve
(b) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Davis, S. A’hveld, the adhesion of the spheres to the substrate, we transferred the silica-

H. Angew. Chem., Int. EA.998 37, 2202. (c) Kong, W.; Zhang, X;
Gao, M. L.; Zhou, H.; Li, W.; Shen, J. Glacromol. Rapid Commun.
1994 15, 405. (25) Stber, W.; Fink, A.; Bohn, EJ. Colloid Interface Scil968 26, 62.
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Figure 1. Schematical illustration of the fabrication of a superhydrophobic surface.

sphere-coated substrate to a toluene solution of,$i0It %) for
half an hour, followed by washing with toluene, hydrolyzing in
water, and drying with a Nflow. In this way, a cross-linked stable
silica-sphere-coated substrate was obtained.

(1) LbL Deposition of PDDA and Sodium Silicat€he silica-
sphere-coated substrate was first immersed in a PDDA aqueous
solution (1.0 mg/mL) for 20 min to render the substrate positively
charged, followed by rinsing with water twice for 1 min each time
and drying with N flow. The substrate was then transferred to an 0 1 > 3 4 5
aqueous sodium silicate solution (154 mM, pH 11.6) for 10 min, Number of deposition cycles
rinsed with water twice for 1 min each time, and blown dry with  Figure 2. QCM frequency decrease-AF) of the alternative deposition
N, flow. By repeating the above deposition processes in a cyclic °f PDDA (M) and sodium silicatery).

fashion, we can fabricate a multilayer film of PDDA/sodium silicate. o ] ) )
To fabricate a superhydrophobic surface, we deposited a 5-bilayerconsisting of Ilne_ar, branched, an_d ring-shaped oligomers that
PDDA/sodium silicate multilayer film with sodium silicate as the can be denoted in the form of a linearly condensed structure,

outmost layer. Here, each bilayer refers to the deposition of one as shown in the scheme of Figur@®PDDA has been used
PDDA layer and one sodium silicate layer on the substrate. frequently as a linear polycation for electrostatic LbL
(1) Chemical Modification of the Substrat&he modification preparation of multilayer films. To verify that PDDA and
was carried out by chemical vapor deposition (CVD) of the POTS. gqdium silicate could be alternately assembled by LbL
The silica-sphere-coated substrate deposited with PDDA/sodium assembly technique to prepare PDDA/sodium silicate mul-
silicate multilayer film was placed in a sealed vessel, on the bottom tiayer films, we first fabricated the multilayers on the Ag-

of which was dispensed a few drops of POTS. There was no direct -
contact between the substrate and the drops. The vessel was put iﬁ:oated QCM resonators. QCM was employed to monitor the

an oven at 120C for 2.5 h to enable the vapor of POTS to react deposition process. As shown in Figpre 2, the decreases in
with the OH groups on the substrate surface. Finally, the substrate QCM frequency are plotted as a function of the layer number

was taken out of the vessel and placed in an oven of°T5éor for PDDA and sodium silicate. The deposition of the PDDA/
another 1.5 h to volatilize the unreacted POTS molecules on the sodium silicate multilayers was dominated by an adsorption
substrate. desorption process. After each deposition step of sodium

Characterization. QCM measurements were taken with a KSV  silicate layer, the average frequency decrease was 330.6
QCM-Z500 using quartz resonators with both sides coated with 124 2 Hz, which indicated that sodium silicate deposited
Ag (Fo = 9 MHz). The X-ray photoelectron spectroscopy (XPS) gccessfully on the substrate. However, when PDDA was
measurements were carried out on an ESCALAB250 (VG Micro- o yqqmpeq; the frequency increased with an average value of
tech., UK). Scanning electron microscopy (SEM) images were 377.4 + 855 Hz, which indicated a desorption of the

obtained on a JEOL JSM 6700F field emission scanning electron . v d ited . A likel | ion for th
microscope. Atom force microscopy (AFM) images were taken on previously deposited species. Ikely explanation for the

a Nanoscope llla atom force microscope (Digital Instruments, Santa @dsorption-desorption process is the partial removal of
Barbara, CA). The static contact angles and sliding angles of the Sodium silicate from the surface to the PDDA solution during
as-prepared surfaces were measured with a commercial contacthe PDDA deposition steps. Despite the desorption process,
angle system (DataPhysics, OCA 20) at ambient temperature usingone bilayer of sodium silicate/PDDA leads to an average
a 4ul water droplet as the indicator. net frequency decrease of 148:129.6 Hz, confirming the
deposition of sodium silicate/PDDA multilayer films. The
Results and Discussion

Preparation of PDDA/Sodium Silicate Multilayer Films (26) (a) He, J. H.; Fujikawa, S.; Kunitake, T.; Nakao, @hem. Mater.

. - a4 : 2003 15, 3308. (b) Trotman-Dickenson, A. F., EGomprehensie
by the LbL Assembly Technique. Sodium silicate is a Inorganic Chemistrylst ed.; Compendium Publishers: Elmsford, NY,

common, inexpensive, and negatively charged chemical 1973; Vol. 1, p 1413.
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Figure 3. XPS spectra of a 5-bilayer as-fabricated PDDA/sodium silicate
multilayer on a gold substrate.

LbL deposition of PDDA and sodium silicate was based
mainly on electrostatic interaction as a driving force.
Simultaneously, the deposition of PDDA/sodium silicate
multilayer films was also confirmed by the XPS measure-
ments. The XPS spectra of a 5-bilayer PDDA/sodium silicate Figure 4. SEM images of the silica-sphere-coated surface: (a) as-fabricated,
. . . . . (b) after cross-linking with SiG| (c) after LbL deposition of 5-bilayer
multilayer are shown in Figure 3. To avoid the influence of pppa/sodium silicate multilayers on (b); (d) cross-sectional view of the
the silicon from the substrate, we deposited the PDDA/ silica spheres in (c). Inset: magnified view of a single silica sphere.
sodium silicate multilayer film for XPS measurements on a . . .
gold substrate instead of a silicon wafer. The peaks at 82.9,/@Pid evaporation of the solvent favored the irregular
86.9, 333.9, and 353.0 eV correspond to the binding energies2’fangement of the spheres and increased the surface
of AU 4f75, AU 4fs, AU 4k, and Au 4d, respectively?’ roughness. The SEM iimage _of the S|I|ca-spher_e-coated
The peaks at 102.0 and 153.1 eV are characteristic Si (Iv) SUrface after the cross-linking with Sis shown in Figure
2p and Si (IV) 2s signals, respectivéfjThe peak of O 1s 4b. After cross-linking, the surface roughness of the spheres
locates at 531.9 eV, The1Si:O atomic ratio of was 1:3.7 as Increases with the observation of tiny particles on sphere
calculated from the relative peak areas after correction of surfaces arjd panpwires connecting_adjacent Tﬁlica spheres.
sensitivity factors. This value is close to that in sodium The cross-linking improved the.stablllty of the S|I|c_a spheres
silicate of (NaSiOy), when considering the experimental ©" the substrate compqred with the non-cross-linked ones
errors caused by the XPS itself. This result confirmed the 25 @ léngthy immersion in water cannot remove the spheres
incorporation of sodium silicate into the multilayer films. oM the substrate. Such a rough surface can subsequently

The signals of N 1s and C 1s appear at 403.3 and 284.7 e\/S€TVe as a basic substrate for the LbL deposition of PDDA/
in the XPS spectra, respectively, confirming the incorporation sodium silicate multllz_ayer_ films to fabricate hlera_rchlcal

of PDDA in the multilayer films. The XPS data, together Structures. As shown in Figure 4c, many nanopapillae can
with the QCM measurements, endorsed the successfulP€ observed on the surface of the silica spheres after the

deposition of the PDDA/sodium silicate multilayer films by ~depPosition of a 5-bilayer PDDA/sodium silicate multilayer
the LbL assembly technique. film. These nanopapillae are discretely distributed PDDA/
Deposition of PDDA/Sodium Silicate Multilayers on sodium silicate 'multllayers, haylng a size of about-Z0 .

Silica-Sphere-Coated SubstrateThe deposition of PDDA/ M- The formation of nanopapillae rather than smooth film
sodium silicate multilayer films was performed on the silica- 2fter the deposition of 5-bilayer PDDA/sodium silicate film

sphere-coated substrate to prepare superhydrophobic surface§" be att”_bl_yfed to the |_s|and-I|ke grqwth of S°_°_"”m silicate
SEM images shown in Figure 4 give straightforward during the initial nucleation stage of its deposition because
evidence for the successful deposition of PDDA/sodium sodium silicate is more strongly bonded to itself than to the
silicate multilayer films on the microstructured surface and SuPstrate. The formation of nanopapillae on a smooth silicon
reveal the formation of the hierarchical micro- and nano- Substrate was also found after the deposition of 5-bilayer

structures. Figure 4a is the SEM image of the as-prepared” PDA/sodium silicate film on it. AFM measurements
silica-sphere-coated substrate surface, which was obtaine"0Wed that the as-prepared silica-sphere-coated substrate
after the deposition of the silica spheres three times. The Nad & root-mean-square (RMS) roughness of 127 nm. After
silica spheres were randomly distributed on the substrate,CroSS-linking with SiCJ and deposition with a 5-bilayer

with the large spheres of about 600 nm being segregated byPDDA/sodium sili(_:ate multilayer film, the RMS ro_ughness
the little ones of 220 nm. The surface of the individual silica increased dramatically to 246 nm. The nanopapillae com-

spheres is smooth. The as-prepared silica-sphere-coate@i”ed with the underneath submicrometer spheres constituted
surface was quite irregular and full of interstices. In addition the hierarchical micro- and nanostructures and further
to the irregularity of the spheres, the rapid evaporation of enhanced the roughness of the surface. The cross-sectional

the alcoholic solvent during the deposition process shortened1€W Of the as-prepared hierarchical structures in Figure 4d
reveals that the film consists of two layers of large spheres

the time for the silica spheres to organize regularly onto the e . ) X
after deposition in a silica sphere suspension three times.

substrate. Therefore, the irregularity in sphere sizes and the ) e o
The thickness of the film is about 12m. Meanwhile, it

(27) Tumer, N. H.; Single, A. MSurf. Interface Anal199Q 15, 215. can be seen clearly that all silica spheres deposited on the
(28) Clarke, T. A.; Rizkalla, E. NChem. Phys. Lettl976 37, 523. substrate are covered completely by the nanopapillae,
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modified with POTS;0s (110°) is the contact angle on the
is occupied by the air. Therefore, the water contact angle on
the hierarchical surface increased significantly.
At the same time, the irregularity of the sphere sizes also
monodispersed silica spheres instead of the dual sized spheres
Figure 5. Shapes of water droplets (4L) on the POTS-modified  Of 600 and 220 nm was used to fabricate silica-sphere-coated
substrates: (a) silica-sphere-coated silicon surface after deposition of Substrate, the water contact angle was°1@igure 5d) and

. b POTS modified smooth silicon surfach; and f, are the
fractions of solid surface and air in contact with water,
respectively, that isf; + f, = 1. It is recognized from the
equation that increasing the fraction of &) (ncreases the
water contact angle on the rough surfa@g.(According to
the equation, the, value of the hierarchical surface is
c d calculated to be 0.88, which indicates that 88% of the surface
contributed to the large roughness of the hierarchical surface
and enhanced its water contact angle. When 600 nm

e o ebers-comet s o ne {he slding angle was arger thanate the LbL deposton

deposition of PDDA/sodium silicate multilayers (GA 14C°); (d) 600 nm of 5-bilayer PDDA/sodium silicate films and the following
monodispersed silica-sphere-coated silicon surface after the deposition of CVD of POTS. The small water contact angle and the large
5-bilayer PDDA/sodium silicate multilayers (C# 147). sliding angle in this case are possibly attributed to the more
ordered nature of the hierarchical surface when monodis-

ersed silica spheres were used to fabricate the microstruc-
ures0

indicating that during the LbL deposition, PDDA and sodium
silicate can penetrate through the interstices and deposit ont
the surface of silica spheres.

Wettability of the Superhydrophobic Surface. Up to The wettability of the hierarchically structured surface is
now, a hierarchically structured surface comprising submi- dépendent on the number of PDDA/sodium silicate bilayers.

crometer silica spheres and nanometer papillae of PDDA/ WWhen 10-bilayer PDDA/sodium silicate multilayer films
sodium silicate films has been successfully fabricated. Were deposited on the silica-sphere-coated surface followed

Chemical vapor deposition of fluoroalkylsilane POTS on the With CVD of POTS, the water contact angle and sliding angle
hierarchically structured surface was finally performed to are about 156.8 and drespectively. With a further increase
prepare a superhydrophobic surface. The wettability of the in the number of bilayers to 15, although the contact angle
surface was characterized by the contact angle instrumentdoes not change obviously, the sliding angle reaches as high
using a 4/’”— water dr0p|et as the indicator. As shown in as 10. With more b”ayers of PDDA/sodium silicate films
Figure 5a, the water contact angle reached as high as®]57.1 deposited on the silica-sphere-coated surface, the coverage
indicating a superhydrophobic surface was obtained. Fur-0f the nanopapillae increases and a more compact layer of
thermore, the sliding angle on such a surface was as low ashanopapillae forms (see Supporting Information). The com-
3.1°, which means the water droplets on the surface could pact nanopapillae on the silica-sphere-coated surface decrease
roll off easily. Therefore, the as-fabricated hierarchically the surface roughness and, accordingly, do not favor the
structured surface has a lotus-like property, which can be construction of a superhydrophobic surface with a decreased
used as the self-cleaning surface. As a comparison to thesliding angle. Therefore, a 5-bilayer PDDA/sodium silicate
hierarchically structured surface, the water contact anglesfilm is well-suited to fabricate a superhydrophobic surface
on the smooth silicon wafer and silica-sphere-coated surfacewith a large water contact angle and low sliding angle.
(without PDDA/sodium silicate deposition) after CVD of

POTS were 110 and 14Qimages b and c of Figure 5), Conclusions

respectively. Accordingly, under the condition that the

chemical composition of the surfaces is identical, one can In the present study, we show that PDDA/sodium silicate
confirm that the hierarchical structures based on the silica multilayer films can be deposited by a LbL assembly
spheres and the nanopapillae of PDDA/sodium silicate technique on silica-sphere-coated surface to form a micro-
multilayers contribute to the large contact angle. The Cassie and nanostructured hierarchical surface. After chemical vapor
Baxter equation can explain the superhydrophobicity of the deposition of a layer of fluoroalkylsilane, a superhydrophobic
hierarchical surface with the deposition of PDDA/sodium surface is successfully fabricated. The present method for
silicate multilayers: co®, = ficos6s — ..2° The equation  preparing a superhydrophobic surface has the advantage of
assumes that the water droplet does not completely wet thesimplicity in fabrication, easy availability of the materials,
rough substrate. Air is trapped in the interstices of the rough and applicability to prepare large area surface. This kind of
surface, and the droplet interacts with the composite surfacesurperhydrophobic surface can find potential applications as

that consists of solid material and air pockets. Hete,  self-cleaning surfaces, anti-adhesive coatings, and so forth.
(157.7) is the apparent contact angle on the rough surface

(30) Shiu, J.-Y.; Kuo, C.-W.; Chen, P.-L.; Mou, C.-€hem. Mater2004
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