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ABSTRACT: A simple, mild, and effective self-templated etching strategy has been
developed to directly convert SiO, nanospheres into surface-rough SiO, (SR-SiO,)
nanoparticles (NPs) by reaction with NaBH,. Small SiO, NPs on the surface of SR-
SiO, NPs can be tailored by carefully regulating the reaction time. SiO, nanospheres
with varied sizes were etched under varied reaction conditions. Subsequently,
particulate coatings were constructed on slide glass using SR-SiO, NPs as building
blocks through the Layer-by-Layer assembly. Slide glasses just coated with two cycles
of SR-SiO, NPs followed by calcination and hydrophobic modification exhibited
superhydrophobicity because of their dual-size surface roughness.
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1. INTRODUCTION

Design and preparation of surface-rough (e.g, raspberry-like)
nanoparticles (NPs) have attracted much attention because of
their special structure and wide applications in catalysts, sensing,
and especially in constructing superhydrophobic coatings (films)
by mimicking the lotus leaf surface structure with dual-size
roughness."” Superhydrophobicity of solid surfaces is an attrac-
tive topic in material science for its scientific significance and
numerous potential applications, such as self-cleaning glass,®~”
anti-icing on glass surfaces,>* prevention of snow adhesion to
glass, anticorrosion, anti-biofouling, and so on.

Recently, there have been a few reports focused on the
fabrication of superhydrophobic surfaces with dual-size hierarch-
ical structures originating from surface-rough particles.® ' Ming
et al. prepared a superhydrophobic film with dual-size surface
roughness by synthesizing silica-based raspberry-like particles
and depositing them on an epoxy-based polymer film.® A
complex procedure was, however, required to prepare the
raspberry-like particles, including the preparation of amino-
functionalized NPs and epoxy-functionalized microparticles, a
reaction between the nano- and microparticles, and a long
reaction and separation process. Zhang et al. prepared raspber-
ry-like particles by assembling nano-sized SiO, particles on the
surface of poly(acrylic acid)-functionalized polystyrene (PS)
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particles during the hydrolysis process.” Our previous works also
reported the fabrication of raspberry-like NPs by in situ forma-
tion of nano-sized SiO, particles on the surface of O,-plasma
treated PS particles and by Layer-by-Layer (LbL) assembly of
small-sized SiO, particles on the surface of large-sized SiO,
particles or PS particles, respectively."*~'* The latter two meth-
ods are also relatively complex and time consuming. Very
recently, Yin’s group reported several simple, mild, and effective
surface-protected etching strategies to directly convert solid SiO,
nanospheres into hollow or porous or rattle-type structures.'¢ >’
However, the formation of surface-rough SiO, (SR-SiO,) NPs in
the initial stage of etching was neglected in their work.'®

In the current work, we investigated the fabrication of SR-SiO,
NPs by the self-templated etching strategy. Solid SiO, nano-
spheres were directly converted into SR-SiO, NPs by reacting
with NaBH,. Compared with the above-mentioned methods, the
current method has several advantages. First, it is very simple and
is a one-step process that directly converts solid SiO, spheres
into SR-SiO, NPs. Second, the procedure does not require high
temperature or high pressure. Third, final SR-SiO, NPs are very
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uniform in morphology and structure. Particulate coatings were
constructed on slide glasses using SR-SiO, NPs as building
blocks through the LbL assembly. After calcination and hydro-
phobic modification, the fabricated coatings exhibited the super-
hydrophobic property because of their dual-size surface rough-
ness and low surface energy.

2. EXPERIMENTAL SECTION

2.1. Materials. Aqueous ammonia (25—28%), ethanol, sodium
borohydride (NaBH,, 97%), concentrated sulfuric acid (98%), and
hydrogen peroxide (30%) were purchased from Beijing Chemical
Reagent Company. Sodium poly(4-styrenesulfonate) (PSS, M,, = about
70,000), tetraethoxysilane (TEOS) (=98%), and 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (POTS, 97%; boiling point, 95 °C) were
obtained from Alfa Aesar. Poly(diallyldimethylammonium chloride)
(PDDA, M,, = 200,000—350,000, 20 wt %) was purchased from Aldrich.
Polyvinylpyrrolidone  ([—CH,CH(NCH,CH,CH,CO)—],, PVP,
K-30, M,, = about 10000—70000) was purchased from Xilong Chemical
Plant (Shantou, Guangdong). All chemicals were analytic grade and
used without further purification. Ultrapure water with a resistivity
higher than 18.2 MQ2 cm was used in all experiments and was obtained
from a three-stage Millipore Mill-Q Plus 185 purification system
(Academic).

2.2. Synthesis of Monodisperse SiO, Nanospheres. Mono-
disperse SiO, nanospheres with varied sizes were prepared using a
slightly modified Stober process. In a typical synthesis of 240 nm SiO,
nanospheres, 8 mL of water, S mL of ammonia solution, and 100 mL of
ethanol were mixed. After the mixture was vigorously stirred for 30 min
at 50 °C to form a homogeneous solution, $ mL of TEOS was quickly
added. The resulting mixture was again vigorously stirred at 50 °C for 6
h. The resulting precipitate was obtained by repeated washing/centri-
fugation/redispersing. By fixing the concentrations of TEOS and H,O,
but varying the added volume (3.5 and 12 mL, respectively) of ammonia
solution, SiO, nanospheres of 140 and 350 nm in size were readily
obtained, respectively.

2.3. Synthesis of SiO, NPs with Rough Surface. SiO, NPs
with rough surface were obtained through the reaction between SiO,
nanospheres with NaBH,,.""® In a typical process, about 0.3 g of SiO,
nanospheres and 0.25 g of PVP were first dispersed in 10 mL of water.
After the mixture was treated by ulrasonication (100 w) for 10 min and
stirred for 1 h, 0.6 g of NaBH, was added to the solution under vigorous
stirring, followed by stirring for 30 min at room temperature. Then the
mixture was stirred at 50 °C for 5 h. The resulting precipitate was
obtained, centrifuged, washed with pure water and ethanol, and finally
redispersed in pure water.

2.4. Preparation of Particulate Coatings with Dual-Size
Roughness. Particulate coatings with dual-size roughness were fabri-
cated on slide glasses using SR-SiO, NPs of about 220 nm as building
blocks by the LbL assembly. The procedure is divided into three steps
and described as follows.>” First, commercially available glass or silicon
substrates were cleaned with Pirhana solution (98 wt %H,SO,4/30 wt %
H,0,, 7/3, v/v) and then washed with pure water (Caution: The
Pirhana solution is highly dangerous and must be used with great care).
The cleaned substrates were alternately dipped in a PDDA and a PSS
solution for S min, and redundant polyelectrolytes were removed by
shaking in pure water for 2 min and rinsing for 1 min, followed by drying
with N, flow at room temperature. The concentrations of PDDA and
PSS aqueous solutions were 2 mg mL ™", Mutilayers of (PDDA/PSS)s/
PDDA were prepared and were used as a primer in all experiments.
Second, the (PDDA/PSS)s/PDDA covered substrates were alternately
dipped in an aqueous suspension of SR-SiO, NPs (0.5 wt %) and a
PDDA solution (2 mg mL ') by the same procedure for an appropriate
number of cycles. Finally, the as-prepared coatings were calcined

(heating rate: 1 K min~ ') at 550 °C for 3 h to remove the poly-
electrolytes.

2.5. Hydrophobic Modification of Particulate Coatings
with Dual-Size Roughness. Hydrophobic modification of the
fabricated particulate coatings on slide glasses was carried out by a
simple chemical vapor deposition (CVD) of POTS.*~” The slide glasses
with particulate coatings were placed in a Teflon container and sealed by
stainless steel autoclave, on the bottom of which was dispensed a few
droplets (10—20 uL) of POTS. There was no direct contact between the
substrate and the POTS droplets. The autoclave was put in an oven at
120 °C for 2 h to enable the vapor of POTS to modify the coating
surface. Finally, the autoclave was opened and placed in oven at 150 °C
for an additional 1.5 h to volatilize unreacted POTS molecules on the
coating.

2.6. Characterization. Scanning electron microscopy (SEM)
observations were carried out on a Hitachi S-4300 field emission
scanning electron microscope operated at 10 kV. Powder products were
dispersed in ethanol by sonication for 10 min. They were then dropped
onto the surface of silicon wafer and dried at 60 °C overnight. The
specimens were coated with a layer of gold by ion sputtering before SEM
observations. For transmission electron microscopy (TEM) observa-
tions, the powder products were dispersed in ethanol by sonication for
10 min and added on carbon-coated copper grids. After drying at 60 °C
overnight, they were observed on a JEOL JEM-2100F transmission
electron microscope at an acceleration voltage of 150 kV. Fourier
transform infrared (FTIR) spectra were collected on an Excalibur
3100 FTIR spectrometer. The surface morphologies of SiO, particulate
coatings were investigated by atomic force microscopy (AFM) on a
Nanoscope IITa AFM microscope under ambient conditions. AFM was
operated in the tapping mode with an optical readout using Si
cantilevers. Fourier transform infrared (FTIR) spectra were recorded
on a Varian Excalibur 3100 spectrometer. Water contact angles (WCAs)
of coating surfaces were measured at ambient temperature on a
JC2000C contact angle/interface system (Shanghai Zhongchen Digital
Technique Apparatus Co.). The values of WCAs were given by
hypsometry (not goniometry), and the angle precision of which is
+0.5°. Water droplets of 15 4L were dropped carefully onto the coating
surfaces. Once a water droplet contacted the sample surface, the
machine began to take photos at a speed of 30 photos/s, i.e., the interval
between the contact moment and the first image was 33 ms. The
measurement was carried out on three different areas of the sample surface.

3. RESULTS AND DISCUSSION

Synthesis of SiO, NPs with Rough Surface by Reaction
with NaBH,. The added NaBH, amount in the starting suspen-
sion has a great effect on the morphology and structure of final
particles. Figure S1 of the Supporting Information shows the
morphology and structure of fabricated monodisperse SiO,
nanospheres with a diameter of about 140 (a,b), 240 (c,d) and
350 nm (e,f), respectively. Taking SiO, nanospheres of 240 nm
as example, varied amounts of NaBH, in 10 mL of water were
applied, while fixing the reaction time at 5 h. When the added
NaBH, amount is 0.4 g, SiO, nanospheres do not exhibit
significant changes in morphology and structure except for a
slightly decreased diameter (about 220 nm) due to etching under
basic conditions (Figure 1a). When the added NaBH, amount
increases to 0.6 g, SR-SiO, NPs with a diameter of about 220 nm
are obtained (Figure 1b). The size of small NPs protruding on
the surface of SR-SiO, NPs is about 20— 80 nm. When the added
NaBH, amount further increases to 0.8 g, core—shell particles of
200 nm in diameter form, which have a core of 100 nm in
diameter and a shell of 50 nm in thickness. It is noted that some
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Figure 1. TEM images of products obtained by etching SiO, nano-
spheres of 240 nm using 0.4 g (a), 0.6 g (b), and 0.8 g (c) of NaBH,,
respectively, in 10 mL of water for S h.

small cavities of about 10 nm appear in the core (pointed by
white arrows). Thus, the core—shell particles may be an inter-
mediate product from solid spheres to hollow spheres. When the
added NaBH, amount increases to 1.2 g, the product becomes
bulk solid (the SEM image was not given), indicating that
dissolved silicate species condense into bulk solid after the
complete dissolution of SiO, nanospheres.

Because of the formation of SR-SiO, NPs by applying 0.6 g of
NaBH,, it would be expected that the surface roughness of SR-
SiO, NPs could be tailored by regulating the reaction time.
When the reaction time is 2 h, SiO, NPs with a slightly
decreased diameter of about 220 nm and smooth surface are
obtained (Figure S2 of the Supporting Information). When the
reaction time increases to 3 h, small SiO, NPs of 10—20 nm
form on the surface of SiO, NPs with a diameter of about
220 nm (Figure 2a), and when the reaction time increases to 4
h, small SiO, NPs of 20—60 nm appear on the surface of SiO,
NPs with a diameter of about 220 nm (Figure 2b). Thus, the
size of small SiO, NPs on the surface of SR-SiO, NPs can be
readily adjusted by carefully tailoring the reaction time, and
when the reaction time increases to 10 h, fractured and
aggregated hollow SiO, NPs of about 200 nm in size form
(Figure S3 of the Supporting Information). The size of hollow
cavity is about 60—120 nm.

I2c WD1S.8mm 10.0kV x90k  S00mm

Figure 2. SEM images of products obtained by etching SiO, nano-
spheres of 240 nm for 3h (a) and 4 h (b), using 0.6 g of NaBH, in 10 mL
of H,0, respectively.

Figure 3. SEM and TEM images of products obtained by etching SiO,
nanospheres of 140 nm (a,b) for 4 h using 0.6 g of NaBH, in 10 mL of
water and by etching SiO, nanospheres of 350 nm for 3h (c) and Sh (d)
using 0.6 g of NaBH, in 10 mL of water, respectively.

SiO, nanospheres of about 140 nm were also tried as a self-
template to fabricate SR-SiO, NPs by reaction with 0.6 g of
NaBH, for 4 h. Panels (2) and (b) of Figure 3 show the fabricated
SR-SiO, NPs with a diameter of about 130 nm after etching SiO,
nanospheres of about 140. The size of small SiO, NPs protruding
on the surface of etched particles is about 10—30 nm. SiO,
nanospheres of about 350 nm were also used as a self-template to
fabricate SR-SiO, NPs by reaction with 0.6 g of NaBH, for 3 and
S h, respectively. For 3 h etching, small SiO, NPs of 10—30 nm
homogeneously cover on the surface of SR-SiO, NPs with a
diameter of 330—340 nm (Figure 3 c). After etching for S h, SR-
SiO, NPs with a diameter of about 320 nm were obtained, and
the size of small SiO, NPs on the surface of etched particles is
about 10—40 nm (Figure 3 d).

Figure 4 shows FTIR spectra of the SiO, materials. Curve (1)
is the FTIR spectrum of as-prepared SiO, nanospheres
(diameter: 240 nm). A broad band with a maximum about
3431 cm™ ' is attributed to the O—H stretching in both Si—OH
groups and some physisorbed water, which is also confirmed by
the presence of H,O deformation band (the bending vibration of
H—O—H groups) at ca. 1638 cm™'. Weak absorption bands
attributed to C—H bending vibration in unhydrolyzed —OC,Hj
groups are observed at near 1398 cm ™. Bands located at 1103,
953,and 801 cm ™" are associated with the Si—O—Si asymmetric
bond stretching vibration, the Si—OH stretching vibration, and
the network Si—O-—Si symmetric bond stretching vibration,
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Figure 4. FTIR spectra of as-prepared SiO, nanospheres (diameter:
240 nm) (1), SiO, nanospheres treated by ultrasonication (100 W) for
10 min, stirred for 1 h, and washed with a little water (about S mL) (2),
etched SiO, NPs (shown in Figure 1b) (3), and PVP (4).

respectively. After the suspension of PVP, SiO, nanospheres
were treated by ultrasonication (100 W) for 10 min and stirred
for 1 h. A total of 2 mL of the suspension was taken out,
centrifuged, and washed once with about 5 mL of water, and the
precipitate was dried at 60 °C. Curve (2) shows the FTIR
spectrum of the precipitate. Compared with curve (4), which is
the FTIR spectrum of PVP, no characteristic PVP absorption
peaks are observed, indicating no PVP adsorption on the surface
of SiO, nanospheres. Curve (3) exhibits the FTIR spectrum of
etched SiO, particles (Figure 1b), which had been dried at 60 °C.
The intensity of the bands related to the C—H bending vibration
becomes indistinguishable, indicating that the residual —OC,Hj
groups had been completely hydrolyzed during the reaction. The
Si—O0— Sl asymmetric  stretching v1brat10n band shows a
~6 cm ™" red shift from 1103 to 1097 cm ™' during the conver-
sion from the solid to the surface- rough particles. It is much
smaller than the red shift (~23 cm™ ) during the solid-to-hollow
conversion observed by Zhang et al.,'® indicating that the surface-
rough particles have a denser network structure than that of
hollow partlcles 162! The Si—OH stretching vibration band at
953 cm™ ' cannot be easily discerned because of its overlap with
the red-shifted Si—O—Si asymmetric stretching vibration band.
Etching Mechanism. A mechanism was previously proposed
in the literature for the solid-to-hollow transformation under
similar conditions, which consists of two separate processes: the
dissolution of SiO, and the regrowth of the silica layer."*'® The
current experimental results unveiled the unobserved period of
morphology evolution under similar conditions, which could
supplement and further support the proposed mechanism. Thus,
on the basis of the structure evolvement of the etched SiO, NPs
with an increase in time and the previously proposed mechanism,
a plausible etching process is depicted in Scheme 1.'°7>° After
the addition of NaBH,, NaBH, reacts with water to slowly
release H, and sodium metaborate (NaBO,) (NaBH, + 2H,O
— 4H,} + NaBO,). After stirring for 1 h, the pH value of
suspension is 10.02 because NaBO, is a strong base (BOZ +
H,0 —HBO, + OH ). At 50 °C, the slow dissolution of SiO,
(20H " + Si0, = SiO3> + H,0) will occur due to the high
basicity and the weak protection role of PVP (low adsorbed
amount), which can dissociate Si—O bonds and form soluble
monosilicate and polysilicate species with various compositions,
thus leading to the shrinkage in size of the amorphous SiO,
nanospheres (Figure S2 of the Supporting Information and

Scheme 1. Schematic illustration of the morphologies and
structures of products obtained at varied reactive times: (a) 0
h, (b) 2h, (c) 3h, (d) 4h, (e) Sh,and (f) 10 h

dissolution ‘ redeposition .

(@) ©

pH increase ’ growt
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Scheme 1b). With an increase in reaction time, the silicate
species eventually becomes supersaturated along Wlth the dlS-
solution of silica, and the concentration of BO, ' and OH ™
increases gradually as a result of the decomposition of NaBH,.
Then, small SiO, NPs (10—20 nm) appear on the surface of SiO,
nanospheres due to the redeposition of silicate species on the
surface of SiO, nanospheres (Figure 2a and Scheme 1c). Small
SiO, NPs further grow (from 10—20 nm to 20—60 nm to
20—80 nm, Figures 2b and 1b, and Scheme 1d,e) at the expense
of the cores through a mechanism similar to Ostwald ripening,
eventually leading to the production of completely hollow SiO,
NPs (Figure S3 of the Supporting Information and Scheme 1f).'®
It is interesting that the redeposited small SiO, NPs can with-
stand etching in the strong basic condition. The reason may be
that the redeposited SiO, species may have a denser network
structure (higher condensation degree) than that of the core
SiO, species. In fact, previous studies on SiO, colloid synthesis
indicated that SiO, NPs are formed by the aggregation of nuclei,
followed by further growth.* Thus, the internal parts of the silica
particles are presumably less dense and more porous,” resulting
in the preferential dissolution of core SiO,. After reacting for S
and 10 h at 50 °C, the pH value of the suspension reaches to
10.96 and 11.12, respectively. The increase in pH from 10.02 to
10.96 to 11.12 may affect the rate of etching, thus playing an
important role in the formation of NPs with varied morphologies
and structures.

It is worth noting that recently Part et al. have also reported a
size-dependent shape evolution of solid SiO, NPs into hollow
structures under shghtly basic conditions as a result of base-
catalyzed etching.”* The conversion process is that small pores
are formed inside the NPs, which are merged into a large cavity,
generating hollow structures. The internal parts of the SiO, NPs
are preferentially etched because SiO, NPs with small sizes have
the more porous and less dense structure than those with large
sizes. The two hollowing processes might involve similar chemi-
cal reactions, but the shape transformation pathways appear to be
distinct.

Construction of Particulate Coatings with Dual-Size
Roughness. The rough surface morphology of the fabricated
SR-Si0, NPs makes them ideal building blocks for the fabrica-
tion of superhydrophobic coatings. Taking SR-SiO, NPs (shown
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Figure S. SEM images of particulate coatings on slide glasses by alternate LbL deposition of PDDA/SR-SiO, of two cycles (a,b) and four cycles (c,d),
and of PDDA/SiO, of four cycles (e,f) followed by calcination and hydrophobic modification. The insets are images of corresponding static water
contact angles measured using contact-mode; the volume of water droplets is 15 #L.

in Figure 1b) as typical example, they are about 220 nm in
diameter and small NPs on their surface are about 20—80 nm in
size. Particulate coatings were constructed on slide glasses
through the LbL assembly.

Polycation (PDDA) and polyanion (PSS) can be readily
adsorbed on the surface of Piranha solution-treated slide glasses.
As aresult, a thin film of desired surface charges can be obtained
on the surface of slide glasses. There are many silanol groups on
the surface of SR-SiO, NPs (curve (3) in Figure 4), and the point
of zero charge is 2.1 for SiO, (the pH value of SiO, suspension is
about 9),° which renders the surface of SR-SiO, NPs slightly
negatively charged in aqueous solution. Thus, SR-SiO, NPs can
be adsorbed alternately with PDDA on the surface of the slide
glass with a primer. To attain a desired particulate density on the
surface of the slide glass, a varied number of PDDA/(SR-SiO,
NPs) cycles were deposited. The attractive long-range van der
Waals forces, the repulsive electrostatic interaction between the
like-charge SR-SiO, NPs plus the attractive electrostatic inter-
action between SR-SiO, NPs and the PDDA layer, are the critical
terms governing the adsorption processes.

SEM images in Figure 5 show surface morphologies of par-
ticulate coatings with PDDA/SR-SiO, of two cycles (Figures Sa,
b) and four cycles (Figures Sc,d) followed by calcination and

hydrophobic modification. Clearly, SR-SiO, NPs are homoge-
nously scattered on the substrate surface. Magnified SEM images
(Figures Sb,d) reveal that the coating surface in fact consists of
nanometer-sized islands (composed of SR-SiO, NPs) and valleys
(voids among SR-SiO, NPs). By comparing panels (b) and (d)
of Figure §, it is shown that the particle density, coating thickness,
and surface roughness increase gradually and significantly by
increasing the number of deposition cycles. For comparison,
SiO, nanospheres with a diameter of 240 nm were also used to
fabricate a particulate coating with PDDA/SiO, of four cycles,
and the surface morphology is shown in panels (e) and (f) of
Figure 5. Compared with panels (d) and (f) of Figures S, the
particulate densities on the glass slides are nearly the same,
indicating that the surface roughness difference of particles has
no significant influence on the amount of NPs adsorbed in the
LbL process. AFM was used to measure the degree of surface
roughness of coatings. The root-mean-square (rms) roughness
of the particulate coatings deposited with two and four cycles of
PDDA/SR-SiO, and four cycles of PDDA/SiO, followed by
calcination and hydrophobic modification is 111, 130, and
66 nm, respectively. Clearly, the particulate coatings composed
of SR-SiO, NPs are much rougher on surface than those of SiO,
nanospheres. Such morphologies of high surface roughness
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might siggnliglcantly influence the wetting property of the
coatings.”

FTIR spectroscopy was used to characterize the surface groups
of particulate coatings. Figure 6 shows the FTIR spectrum of
etched SiO, NPs (Figure 1b) after calcination (550 °C, 3 h) (cal-
etched SiO, NPs). Compared with the FTIR spectrum of etched
SiO, NPs (curve (3) in Figure 4), the absorption peaks of
Si—OH and H,O around 3431 and 1638 cm ' significantly
decrease, the absorption peak of the Si—OH stretching vibration
around 953 cm ™' disappears, and the absorption peak of the
Si—O—Si asymmetric bond stretching vibration has a blue shift
from 1097 to 1111 cm ™, indicating that the calcination causes
disappearance of Si—OH groups, significant reduction of physi-
sorbed water, and formation of a denser network structure. After
cal-etched SiO, NPs were modified by POTS molecules (POTS-
cal-etched SiO, NPs), FTIR spectrum of POTS-cal-etched SiO,
NPs shows some new absorption peaks (indicated by black
arrows) compared with those of cal-etched SiO, NPs. Compared
with the FTIR spectrum of POTS, the appearance of new
absorption peaks proves the existence of POTS species (not
POTS molecules because the heating at 150 °C excludes the

(1) cal-etched SiO, NPs

L8

(2) POTS-cal-etched SiO, NPs

Transmittance (a.u.)

1111 em’

4000 35I00 30IOO 25I00 20IOO 15I00 IOIOO 500
Wavelength (cm™)

Figure 6. FTIR spectra of etched SiO, NPs after calcination (550 °C, 3
h) (1), etched SiO, NPs after calcination and POTS modification (2),
and POTS (3).

Slide angle: 3°

Slide angle: <1°

Figure 7. Digital images of sliding angles on particulate coatings
assembled by alternate LbL deposition of PDDA/SR-SiO, of two cycles
(a) and four cycles (b) followed by calcination and hydrophobic
modification. The volume of water droplets is 15 uL.

possible existence of POTS molecules (POTS boiling point:
95 °C)), thus indicating the successful modification of coatings
by POTS. The newly appeared absorption peaks are so small that
they are difficult to observe, indicating that the amount of POTS
species is very small, and there may just exist a single layer of
POTS species on the surface of cal-etched SiO, NPs. Because of
the very few Si—OH groups on the surface of cal-etched SiO,
NPs, the achievement of the successful modification should have
resulted from the hydrolysis and condensation reaction between
POTS molecules and physisorbed H,0O molecules (and the very
few Si—OH groups) on the surface of cal-etched SiO, NPs. Then
we examined the effect of Si—OH on POTS modification. After
calcination (550 °C, S h), FTIR spectrum (Figure S4 of the
Supporting Information) of conventional MCM-41 NPs
(diameter: about 100 nm) still shows the absorption peak of
the Si—OH stretching vibration around 958 cm™ ' (indicated by
dot line) due to their high specific surface area (about 1000 m*
g~ '), indicating the existence of Si—OH groups. The absorption
peaks around 3431 and 1638 cm ™' from Si—OH and H,O also
exist because of incomplete removal of Si—OH and physisorbed
H,0 molecules. After POTS medication, newly appeared ab-
sorption peaks (indicated by black arrows) are also very small,
again indicating that the amount of modifing POTS species is
very small. Thus, it can be concluded that the existence of
Si—OH groups cannot significantly increase the amount of
modifing POTS species. The following tests of wettability
indicate that the existence of a small amount of POTS species
can significantly increase the water contact angle.

It is known that the wettability of a solid surface is controlled
both by its surface energy, which is determined by its compo-
nents and by its surface roughness or ;)orosity. Early theoretical
works by Wenzel,*® Cassie—Baxter,”” and Quéré*® and more
recent studies™ >* indicated that the construction of hierarchical
micro- and nanostructures with high surface roughness and
porosity is an effective approach to tailor the wettability of a
surface. In the current work, when the volume of water droplet is
3 uL, water contact angles (WCAs) after 1 s of spreading on the
particulate coatings composed of PDDA/SR-SiO, of two cycles
(a) and four cycles (b), and of PDDA/SiO, of four cycles (c)
followed by calcination are about 5.2, 4.8, and 6.5°, respectively
(Figure SS of the Supporting Information). These results are in
agreement with the surface roughnesses of corresponding
coatings.

After hydrophobic modification by POTS, the particulate
coatings demonstrated superhydrophobicity. The contact-mode
(Figure S6 of the Supporting Information) and drip-mode
(Figure S7 of the Supporting Information) were chosen to
measure WCAs on the coatings after hydrophobic modification,
respectively.® The volumes of water droplets for the measure-
ments were slightly smaller than 15 uL for the contact-mode and
15 uL for the drip-mode, respectively. In fact, water droplets with
a volume of about 1—14 uL could not be dropped freely using a
microsyringe because of the large capillary force between the

Table 1. WCAs on the Surface of Coatings after Hydrophobic Modification

particle type  cycle numbers  rms roughness®  static angle (deg) advancing angle (deg) receding angle (deg) CA hysteresis (deg) sliding angle (deg)

Si0, 4 66 118+ 1 - - - >30
SR-SiO, 2 110 147 + 1 150 £ 1 144 + 1 6+2 3
SR-SiO, 4 130 150 + 1 13 +1 150 + 1 3+2 <1

? Obtained by AFM measurements.
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water droplet and the tube of microsyringe, while 15 L is the
sole standard volume supplied by the peristaltic pump of our
contact angle/interface system. We chose at least three different
locations on the coatings, and there were very little difference in
the WCAs measured at these locations, indicating the uniformity
of the coating surfaces. When water droplets of slightly smaller
than 15 L were used in the contact-mode (Figure S6 of the
Supporting Information), the substrate with the coating was
raised to touch and slightly press the droplet in order to increase
the adhesive force between the highly hydrophobic coating and
the water droplet so that the water droplet can adhere on the
coating surface (Figure S6 of the Supporting Information). The
static WCAs on the surface of the slide glasses coated with two
and four cycles of PDDA/SR-SiO, are 147° and 150°, respec-
tively (inset in Figure Sb,d), which are significantly larger than
that (118°) on the surface of slide glass coated with four cycles
of PDDA/SiO,. The sliding angles on the surface of the slide
glasses coated with two and four cycles of PDDA/SR-SiO, are
about 3° and <1°, respectively (Figure S8 of the Supporting
Information, Figure 7, Table 1), which means water droplets
could roll off these surfaces easily. In contrast, water droplets
on the surface of slide glass coated with four cycles of PDDA/
SiO, can not slide even the tilt angle of the apparatus is >30°.
The larger the volume of water droplet is, the smaller the WCA
is.%*® Thus, when water droplets of <15 L (common 3 uL for
example) are used, the WCAs must be larger than 147° for the
coating of two cycles and larger than 150° for the coating of
four cycles. Therefore, it can be concluded that the slide glass
just coated with two cycles of SR-SiO, NPs already have
superhydrophobicity.

In the drip mode, the water droplet of 15 uL could roll off the
slide glasses coated with two and four cycles of PDDA/SR-
SiO, easily and quickly, which may result from the kinetic
energy of water droplet (Figure S7 of the Supporting
Information). When a water droplet drops from the tube of
microsyinge down to the coating, it would have a momentum
of 2.6 X 10°° kg m s~ ' and a kinetic energy of 2.2 x 107 J,
which were estimated roughly from panel (a) of Figure S7 of
the Supporting Information on the assumption of spheroid
water droplet. Thus, a water droplet with momentum and
kinetic energy was able to overcome the adhesive force
between the coating and droplet water and rolled off the
coating easily and quickly. During the sliding process, a water
droplet may have not penetrated into the voids and pores of the
coating. Thus, a water droplet could roll off the coating easily
and quickly.

4. CONCLUSIONS

In summary, we have developed a facile self-templated etching
route to the fabrication of SR-SiO, NPs by reaction between
SiO, nanospheres and NaBH,. The size of small SiO, NPs on the
surface of SR-SiO, NPs can be tailored by carefully regulating the
reaction time. SR-SiO, NPs with a diameter of about 240 nm
were chosen as typical samples and building blocks to construct
particulate coatings on slide glasses by the LbL assembly. Slide
glass just coated with two cycles of SR-SiO, NPs followed by
calcination and hydrophobic modification have superhydropho-
bicity because of its dual-size surface roughness. These SR-SiO,
NPs may be promising in practical applications as building blocks
to construct superhydrophobic coatings because of their facile
and inexpensive fabrication.
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