9802

Silver Hierarchical Bowl-Like Array:

Langmuir2007,23, 9802-9807

Synthesis, Superhydrophobicity,

and Optical Properties

Yue Li,*T#8 Cuncheng Lil* Sung Oh Chd,Guotao Duari,and Weiping Cdi

Key Lab of Materials Physics, Institute of Solid State Physics, Chinese Academy of Science, Hefei, 230031,
Anhui, P.R. China, Department of Nuclear and Quantum Engineering, Koreankdd Institute of Science
and Technology (KAIST), 373-1 Guseong, Yuseong, Daejeon, 305-701, South Korea, and Ningbo Institute
of Materials Technology and Engineering, Chinese Academy of Science (CAS), Ningbo city, 315040,
Zhejiang, P.R. China

Receied March 22, 2007. In Final Form: June 24, 2007

We present a facile synthetic route to a silver bowl-like array film with hierarchical structures on glass substrate
using the colloidal monolayer as a template. In these special hierarchical structures, microstructures were provided
by a colloidal template of polystyrene latex spheres and nanostructures resulting from the thermal decomposition of
silver acetate. These structures were chemically modified with 1-hexadecanethiol, and a corresponding self-assembled
monolayer (SAM) was formed on their surfaces. Due to the lotus leaf-like morphology with hierarchical micro/
nanostructures, the film displayed an extraordinary superhydrophobicity after chemical modification. Water contact
angle and sliding angle were 168nd 3 (the weight of water droplets: 3 mg), respectively. Additionally, its optical
property has also been investigated. This structure could be used in microfluidic devices, optical devices, and biological

science.

Introduction

of special hierarchical micro/nano surface structures and low

Hierarchical micro/nanostructures have attracted much at- Surface-free energy materials covering the surfa¢espired by

tention owing to their unique properties and applications in

this, various techniques to synthesize superhydrophobic surfaces

optoelectronic devices, microfluidic devices, biomedical science, Nave been developed, including a rough polymer surface by argon

field emission, eté=3 Generally, hierarchical structures could
be synthesized by the replication induced by an electric freld,
chemical vapor depositiot®, ¢ template techniqué,electron
irradiation? etc.

plasma etching,a hierarchical micro/nano film by the wet
chemical method,an aligned carbon nanotube (CNT) film or
ZnO film by chemical vapor depositioha binary structure by

colloidal assembly, a transparent boehmite/silica film by

Recently, the superhydrophobicity with self-cleaning also has sublimation? superhydrophobic rough surfaces by electrochemi-

received much interests because of their applications in preventingt@ methods;

polymer patterns by the polymerization on the

the adhesion of water and snow to windows or antennas as well€tched silicon substratéstable bionic superhydrophobic surfaces

as for self-cleaning utensils, antioxidation coating, and micro-

fluidic devices? As we know, superhydrophobicity belongs to

wettability phenomena that are governed by the chemical
composition and geometrical microstructures of surfaces. Bio-

by solution-immersion proce$3and porous films by electron-
irradiation or template techniqués.

A colloidal monolayer, as a very useful template or mask, has
proved to be a successful and promising technique to fabricate

mimetic research has recently revealed the self-cleaning effectP€riodical arrays including periodic nanoparticle arrays, pore
of a lotus leaf (Iotus effect) that removes contamination and dirt &Tays, nanoring arrays, nanopillar arrays,*étc.

on their surfaces due to strong superhydrophobicity with a water

contact angle (CA) larger than 158nd a sliding angle (SA) less
than 10 on their leaf surfacé The unique functionalities (lotus

Here, we present a facile route to fabricate a silver hierarchical
bowl-like ordered array film on glass substrate based on the
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colloidal monolayer. In this method, using the polystyrene (PS) Scheme 1. Schematic lllustration of Fabrication Process of
colloidal monolayer as a template and silver acetate solution as  the Hierarchical Silver Bowl-Like Ordered Array Film

the precursor, the hierarchical silver bowl-like array was fabricated -

by solution-dipping method and subsequent heating decomposi- . )

tion. The morphology of the as-prepared film bears much a Dropping the AgAc solution
resemblance to lotus leaves that consists of hierarchical micro/
nanostructured roughnesas a result, the synthesized surface
shows strong superhydrophobicity and a self-cleaning effect after
surface modification with thiol. The as-prepared hierarchical
structures could be used in microfluidic devices, optical devices,
and biosensors of organic molecule detection.

b Drying
Experimental Section

Material Preparation. Ordinary glass substrates with sizes of 25
mm x 25 mmx 1.2 mm were obtained from the Shanghai Xinhu
Glass Factory. Commercialized powders of monodispersed poly-
styrene (PS) spheres with particle sizes of/5®in diameter were
purchased from Soken Co. (Chemisnow SX-130H). They were well-
dispersed in deionized water and prepared as a suspension with }
conpcentration of 2.5 wt % before fat?ricgting colloidal m%nolayers. c Heating at 360 °C for 3h
The chemical-grade silver (I) acetate (Kojima Chemicals Co. Ltd)
and 1-hexadecanethiol (GHCH,),sSH, Alfa Aesar Co.) were used
without further purification. The 0.5 M silver acetate (AgAc) agueous
solution was prepared from silver acetate powders dissolved in
distilled water. Several small droplets (less than 0.5 mL) of nitric
acid were added into them to facilitate solubilization. Glass substrates
were ultrasonically cleaned in acetone and then in ethanol for 1 h. was used as the electrolyte and the pH was keptto 5.0. PS colloidal

Synthesis of a Hierarchical Silver Bowl-Like Array Film. The monolayer was heated at 120 for 30 min in order to tightly adhere
PS colloidal monolayers were first prepared on cleaned substratesto the conduct substrate. The deposition voltage was controlled to
by spin coating? Briefly, a droplet of 2QiL of PS sphere suspension 1.5V, and the deposition time was 30 min. After electrodeposition,
was added onto a cleaned substrate fixed on the spin coater, théhe PS colloidal monolayer was removed by ultrasonically washing
rotating speed was kept at 100 round/min for 5 min, and a colloidal in CH,Cl, solution, and silver pore arrays film was finally prepared.
monolayer with area of about 2 énwas formed on the substrate Chemical Modification. Before chemical modification, silver
by the self-assembling process. Subsequentlyl 1 AgAc solution films with different morphologies were ultrasonically cleaned in
with concentration of 0.5 M was dripped onto the colloidal monolayer both acetone and ethanol for 30 min, respectively. An ethanol solution
with a quantitative pipet. The solution quickly infiltrated into spaces of 2 mM 1-hexadecanethiol was prepared, and it was bubbled under
between the substrate and the colloidal monolayer. A thin AgAc argon in order to eliminate all traces of oxygen in the solution. Then,
coating on under half part of the PS colloidal monolayer was formed the samples were soapg h in thesolution. After modification, they
after drying at room temperature. Finally, the sample was heated forwere copiously rinsed with ethanol and finally dried at room
3hat36CCinanoven. The temperature was increasedy/tin temperature.
in order to obtain a homogeneous sintering and nitrogen was used Characterization. The morphologies of the samples were
in the process of temperature decreasing. The silver hierarchicalcharacterized with a field emission scanning electron microscope
bowl-like ordered array film was thus synthesized. The fabrication (FEI XL30 FEG). The X-ray diffraction (XRD) measurement was
process is illustrated in Scheme 1. performed to identify the crystal structure of the as-prepared sample

Preparation of Silver Films with Different Morphologies. Other on a Rigaku D/MAX-RC XRD machine using Cu Ka radiation. The
silver films with different morphologies including a flat film, a  X-ray photoelectron spectra (XPS) were characterized by an
nanoparticle film, and pore array film with smooth inner walls were  Escalabmk2 spectrophotometer at a take off angle dfr8&tive
synthesized in order to systematically investigate the wettability of to the surface normal for the different silver surfaces. Static water
the hierarchical bowl-like array. A flat silver film was prepared by CAs were measured on a home-built contact angle meter at room
thermal evaporation deposition under a base pressure ®PEoand temperature. The weight of individual water droplets used for the
at a deposition rate of 0.2 fmin. The thickness of deposited film  static CA measurements was 3 mg. CA values were obtained by
was monitored by a quartz crystal microbalance. A silver nanoparticle averaging five measurement results on different areas of the sample
film was prepared by thermal decomposition of the AgAc coating surface. The measurement of sliding angle (SA) is as follows: a
on the glass substrate at 38D for 3 h. A silver pore array film was droplet of 3 mg of water was added on the sample surface, and it
synthesized on the ITO glass by the electrodeposition method usingbegan to slide down when the sample was tilted. The angle that the
the colloidal monolayer with PS sphere size pfib as the template.  sample tilted was the SA. The optical absorption of hierarchical
In the electrodeposition process, a mixed solution of AghNdD structures was measured on a Cary-5E-tXs-NIR spectropho-
g/L), (NH;)S;0s (250 g/L), NHAc (20 g/L), and NaS0; (80 g/L) tometer at room temperature.

(14) (a) Hulteen, J. C.; Treichel, D. A.; Smith, M. T.; Duval, M. L.; Jensen, Results and Discussion
T. R_.; Van Duyne, R. PJ. thy_s. Chem. 3999_ 103 3854. (b) Matsush_ita, S.
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Figure 2. XRD spectrum of the hierarchical bowl-like structures
synthesized after heated at 38Dfor 3 h using AGQAC as precursor
and the colloidal monolayer as a template.

and AgO locates at 368.2 and 368.0 eV, respectively, so it is
difficult to differentiate between the two species according to
the silver line of XPS. However, the O 1s core level in AgO
occurs at 530.2 eV, which could evidently distinguish from the
O 1s position in oxidized carbon (532:633.5 eV)}” The O 1s
levelin our results (Figure 3b) shows that the peak arose at 532.7
eV, which reflects the presence of the hydrocarbon contaminants
or carbon oxidized species on the sample surface. The C 1slevel
(Figure 3c) indicates that a complex composition of carbons
comes from alkyl-type carbons (285.0 eV);OH and C-O—C
groups (286.4 eV), carbonyl functions o+=O (287.9 eV), and
oxidized carbons (289.1 eV Above analyses indicated that no
silver oxide was produced on the sample surface.

From Figure 1c, one can clearly see that most silver
nanoparticles are welded with neighbors because of the surface
melt during the heating process. The heating process leads to the
formation of highly durable micro/nanostructured arrays: these
structures were not destroyed and the whole hierarchical arrays
were not detached from a substrate even when the substrate was
ultrasonically washed in water for 30 min.

The formation of silver nanoparticles is closely related to the
heating temperature. For the AgAc, an organic salt, it can be
decomposed into silver at a low temperature of 360 In this
decomposition process, silver nucleation is formed, and subse-
quently silver particles grow up. If the temperature increases
much, the as-produced silver nanoparticles will be melted again

= : 8 and larger particles or films will incline to be generated. In our
Figure 1. FE-SEM images with different magnifications of experiments, if the heating temperature is higher than°400
hierarchical bowl-like array film. (a) A typical FE-SEM image of the silver hierarchical bowl-like array will not be prepared as a
hierarchical bowl-like array film obtained using the PS colloidal result of the particle melt. For instance, a silver microplate array
monolayer with sphere size of thedn. (b) An image of afeature 554 5 sjlver microparticle array were obtained at higher
{:i)(c)):/]v.l-hke unit. (c) An image of bowl bottom with larger magnifica- temperatures of 450 and 500, respectively, for 3 h, as shown
in Figure S2a,b (in the Supporting Information). These results

the whole bowl-like array has rough inner walls composed of suggest that a suitable temperature is very important for the

nanoparticles with average size of ca. 135 nm, as shown in I:igureformation. of the silver nanoparticle. Additionally, if the.tem-
qy Perature is lowered (to say, 26Q for 3 h), although the silver

1c and Figure S1 (in the Supporting Information). The X-ray . . / .
diffraction pattern indicated that these nanoparticles were silver "2noparticles are formed, the hierarchical bowl-like structures

crystals, as shown in Figure 2, which resulted from thermal cannot be obtained because of incomplete decomposition of PS
decomposition of AGAAS Moreover, the X-ray photoelectron spheres, as displayed in Figure S3 (in the Supporting Information).

spectra .(.XPS) W?re furth.er E_Ipplled to verify for the surface (17) (a) Beamson, G.; Briggs, Bligh Resolution XPS of Organic Polymers,
composition, as displayed in Figure 3. The XPS survey spectrum the Scienta ESCA A300 Databa¥éiley: Chichester, U.K., 1992. (b) Moulder,

indicated that, besides silver, the oxygen and carbon were alsol. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K.tiandbook of X-ray Photoelectron
Spectroscoy Perkin-Elmer Corporation, Eden Prairie, MN, 1992.

500 nm

detected (Flgure Sa)' Usua"y’ Ag s#lin level for metallic Ag (18) (a) Laffineur, F.; Auguste, D.; Plumier, F.; Pirlot, C.; Hevesi, L.; Delhalle,
J.; Mekhalif, Z.Langmuir2004 20, 3240. (b) Laffineur, F.; Couturier, N.; Delhalle,
(16) (a) Judd, M. D.; Plunkett, B. A. and Pope, MJI.Therm. Anal1974 J.; Mekhalif, Z.Appl. Surf. Sci2003 212—213 452. (c) Laffineur, F.; Delhalle,

6, 555. (b) Li, Y.; Wu, Y.; Ong, B. SJ. Am. Chem. So005 127, 3266. J.; Guittard, S.; Gébaldi, S.; Mekhalif, Z.Colloid. Surf. A2002 198—-200, 817.
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Figure 3. XPS spectra of the hierarchical structures. (a) XPS survey
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a
b

Figure 4. Water droplet shapes of hierarchical bowl-like structured
film: (a) before chemical modification with thiol, CA: 23(b) after
modification, CA: 169.

superhydrophobicity with water CA of 160 0.5°, as shown in
Figure 4; moreover, the sliding angle was as small’asvBich
was a typical self-cleaning effett.

After modification, the C 1s level increased greatly compared
with that before modification, as shown in Figure 5a. The enlarged
portion of the C 1s level (Figure 5b) displayed that two
components exist for the sample, a main peak at 285.0 eV is
attributed to alkyl moieties of carbon species (1-hexadecanethiol
and possibly residual contaminants) and a small one at 286.3 eV
is ascribed to oxidized carbon contaminants. The S 2p level
displays a doublet structure, as shown in Figure 5c; thess 2p
component in S 2p level at 161.9 eV demonstrates that the
formation of thiolate bonds with silver is produced. Additionally,
the S 2p;pcomponent with weak intensity at 163.0 eV is associated
with a small amount of free thiols, which always caused by
modification in ethanol, as reported by Mekhalif's gro@xPS
spectra indicated that the self-assembled monolayer with a good
guality was formed on the silver hierarchical structure.

In order to investigate the origin of the superhydrophobic
property of the synthesized structures, we fabricated a relative

spectrum. Panels b and c are O 1s and C 1s core level, respectivelyflat silver film (Figure 6a), a silver nanoparticle film (Figure 6b),

In our method, heating at 36@ for 3 h has two roles: one is

and a pore array film with smooth inner w&liFigure 6c) and
then systematically investigated the CAs of the films before and

to make the AgAc decompose into silver nanoparticles and the after the modification of surfaces with thiol (Figure 6). The results

otheris to remove the PS colloidal monolayer template by burning
it out at this temperature.

are shown in Table 1 (the standard errors of the water CAs were
less than 1). XPS spectra indicates that self-assembled mono-

Our results indicated the synthesized ordered array waslayers of thiol have been formed on different silver films after
hierarchical micro/nano structure, microstructure was supportedsurface modification, as demonstrated in Figure S4 in the

by ordered bowl-like array caused by colloidal monolayer

Supporting Information. The water CA of the flat silver film was

template, and nanostructure was resulted from the decompositior69°, and the film was transformed into a hydrophobic film with

of silver acetate.

Wettability. The wettability of the as-prepared sample was
evaluated by the water CA measurement. Before chemical
modification with thiol, when the water droplet was added on
the hierarchical micro/nanostructured array, it spread out rapidly
and the surface exhibited the hydrophilicity with water CA of
23+ 0.4°. However, after modification, the shape of water droplet
was nearly close to spherical and the sample took on the

a water CA of 108 after the surface modification (Figure. 6a).
For the silver nanopatrticle film, the water CA was’ 3hd 134
before and after modification, respectively. The above experi-
mental data indicate that the silver flat film and nanoparticle film

(19) Jin, M. H.; Feng, X. J.; Xi, J. M.; Zhai, J.; Cho, K.; Feng, L.; Jiang, L.
Macromol. Rapid Commur2005 26, 1805.

(20) Sun, F. Q.; Cai, W. P.; Li, Y.; Cao, B. Q.; Lu, F.; Duan, G. T.; Zhang,
L. D. Adv. Mater. 2004 16, 1116.
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water droplet shapes before and after modification with thiol,

Figure 5. XPS spectra of the hierarchical structures after chemical
modification with 1-hexadecanethiol. (a) XPS survey spectrum.
Panels b and c are C 1s and S 2p core level, respectively.

cannot induce superhydrophobicity. The silver pore array film respectively.

had a water CA of 33 which was lower than the flat silver film. Table 1. Water CAs of Different Silver Films

The .(.:A pf the.film was enhanced to 1§3after the surfacg pore hierarchical
modification (Figure 6b). Although the silver pore array film flat particle array  bowl-like
exhibited the superhydrophobicity after surface modification, it film film film array film
was far away from the requirement of the self-cleaning effect. "= (°) before modification 69 35 33 23
In addition, the water droplet of 3 mg cannot roll off on its  cAa (°) after modification 108 134 151 169

surface when the film was tilted to any angle, even upside down,

whichis mainly due to the stable, continuous three phase contactthe groove on the surface of material, Wenzel gave a wettability

line (air—liquid—solid) formed on such a netlike pore array description by!

structure when the water drop is added on the suéféiteerefore,

our results demonstrated that the self-cleaning effect of the as cos6, =r coso 1)

prepared ordered bowl-like array film resulted from the special

gombination of micro and nano structures of hierarchical array, \wherer is the roughness factor (the ratio of total surface area

like lotus leaves. to the projected area on the horizontal plane) énand6 are
Asthe lotus effectrevealed, the wettability is generally related the CAs of a rough surface and a native flat surface, respectively.

to the surface roughness of a certain material. Two well- Equation 1 describes the fact that the surface roughness enhances
established models are generally used for describing the

wettability of a rough surface. When a water droplet can dip into  (21) Wenzel, R. NJ. Phys. Colloid Cheml949 53, 1446.
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the hydrophilicity of a hydrophilic surfaced(< 90°) and
hydrophobicity of a hydrophobic surfacé ¢ 90°). Heref is
69° and 108 before and after modification. Because of the 1.2
nanoparticle film, the pore array film with smooth inner walls

1.4

: . . 3 1.0
and a hierarchical blow-like array belong to the rough surface; ;
therefore, the Wenzel mode can well explain why these surfaces %‘ 0.8+
are more hydrophilic and more hydrophobic before and after 8 064

£ 0

modification. In the above cases, the hierarchical bowl-like array
has the smallest water CA and the biggest CA before and after 0.4+
modification, respectively, which indicates that this hierarchical

0.2-
structure has the largest roughness.

Particularly, when a water droplet is added on the chemically 0.0 . . r ; ;
modified ordered bowl-like array film with the hierarchical 300 400 500 600 70O 800
structure, air can be trapped in interstices or corrugations that Wavelength (nm)

are produced between the microstructure and the nanostrdgture. Figure 7. Optical absorption spectra of hierarchical silver bowl-
In this case, another model for the wettability, presented by Cassie! K€ 2y film (a) and a relative flat silver film (b) on the glass

and Baxter, can be us&d substrate.
' plasmonics, surface-enhanced Raman scattering (SERS), and
cosf, = f, cosf — f, ) chemical and biological sensing. Compared with silver films,

the hierarchical bowl-like silver pore array film is composed of
wheref; andf, (=1 — f1) are the area fractions of a water droplet the silver nanoparticles and hence possesses a higher specific
in contact with the surface and with air on the surface, respectively. surface area, which could lead to an enhancement of its activity
Since the measured water CAs of the flat silver surface and theand sensitivity in the above fields. Therefore, besides the
bowl-like array film modified with thiol are 108and 169, superhydrophobicity, the hierarchical structures also have at-
respectivelyf, for the as prepared surface is calculated to be tractive applications in nonlinear optics and optical de\Ates
0.98. For the pore array film obtained by electrodeposition, its and in biological fileds®
water CA after modification is 15Jand correspondinfy is only Conclusion

0.90. . . .
This reveals that the synthesized hierarchical structured surface, . In CO”_C'“S'OF" we presentafacile synthgtlc route to an ordered
ierarchical micro/nanostructured array film with superhydro-

produces large amount of air traped between the microstructure hobic and self-cleaning properties. Just by the simpl lution
and the nanostructure and that the strong superhydrophobicityg. obic a tﬁed c %a bg P opet hes.t' usd yhe s 't'p etsho u 'IO
of the bionic surface is mainly caused by the unique hierarchical Ipping method and subsequent heating decomposition, tne Siiver

micro/nanostructures and the subsequent surface (:hemicapi(':‘ramhic‘.Sll bow_I-Iike struct_ured film could be_ prepa_lred. The
treatment surface with a silver bowl-like ordered array is fabricated by

For both the silver microplate array and microparticle array thermal decomposition of AgAc using the monolayer colloidal

(Figure S2) synthesized at higher temperatures, after Suncacecrystal as atemplate. Since such a surface is composed of regularly

modification with thiol, they only exhibited water CAs of 129 ordered rough structures resulting from _th_e colloidal monolayer,
and 133, respectively, owing to their lower roughness as a result the surface has uniform superhydrophobicity on the whole surface.

of the absence of hierarchical micro/nanostructures. These two-l.—hiS surface has' poteqtigl appllications in ‘f?teres“".g scientific
cases also prove that the hierarchical micro/nanostructures arerIeIdS such as microfluidic devices and optical device.
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