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A method to fabricate wettability gradient surface with raspberry-like composite microspheres was described.
The synthesis of composite microspheres was through the ethanol sol-gel processing of TEOS on carboxyl func-
tionalized polystyrene (PS) template particles. The factors influencing the raspberry-like morphology and the
deposition efficiency of SiO, onto templates were discussed, including the surface carboxyl density, TEOS amount
and water amount, and the optimal formulation of synthesis was given. The wettability gradient surface was
built up by coating the suspension prepared on substrate and putting it in thermal gradient field for heat treat-
ment. The resultant surface demonstrated wettability gradient from hydrophobic to superhydrophilic with the
increasing of calcination temperature, which was because the physical topography of surface changed gradually
from spike-type into pore-type and the main chemical compositions changed from polystyrene into SiO,.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The raspberry-like composite microspheres and relevant porous
hollow capsules have attracted lots of attention in recent years
for their unique properties in superhydrophobic coatings [1-4],
mesoporous materials [5], targeted delivery [6] and anti-reflective
film [7]. A number of routes have been developed to synthesize micro-
spheres of this type, including Pickering (mini)emulsion polymeriza-
tion [8-10], layer-by-layer assembly [11,12] and colloidal particle
template synthesis [13-15]. Among these methods the template syn-
thesis is a comparatively simple and effective approach as the size and
surface reactivity of template are both controllable through the prepa-
ration of colloidal particles [5]. The sol-gel process of alkoxysilane pre-
cursors is generally used to introduce SiO, component onto the
template surface, and it has been found that in the alkali-catalyzed
sol-gel template synthesis, the positively charged or hydroxyl function-
alized colloidal particles (— NH,, —OH) always contribute to the forma-
tion of intact core-shell structure while the negatively charged ones
(= COOH, -S03H) could lead to the generation of raspberry-like mor-
phology [16-18]. The reason is that the anionic groups could suppress
the deposition of SiO, on the template surface, thus hinder the forma-
tion of intact shell. Unfortunately this may also result in the phenome-
non that the SiO, deposition efficiency on templates is rather low and
a large number of free inorganic particles will self-nucleate and scatter
in the final suspensions, which is unfavorable in the preparation. How-
ever in this article this so-called disadvantage would be utilized and the
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free SiO, particles would play an important role in the fabrication of
wettability gradient surfaces.

Wettability gradient surface generally refers to surface with gradually
varied surface energy along one dimension, which has numerous poten-
tial applications in fields of microfluidics, biomedical research and en-
hanced heat transfer [19-22]. The gradient effect is mainly achieved
through the gradual change of either chemical composition or geometri-
cal microstructure of the surface in the ways of UV irradiation, chemical
etching, controlled deposition or contact printing [23-28], and among
them thermal gradient field has been proved to be a simple and effective
route for the polymer-type substrates. For example, Zhang et al. [29] uti-
lized the melting of polystyrene (PS) microsphere under different
temperatures to control the surface topography and prepared wettability
gradient surface with contact angles (CAs) ranging from 148.1 to 88.7°.
Similarly Lu etal [30] fabricated surface of wetting conditions from
hydrophobicity to superhydrophobicity, utilizing the porosity change of
polyethylene (LDPE) film with thermal gradients. Both examples above
took advantage of the physical geometrical change to tune the surface
energy. Liu etal [31] adopted another route, fabricated a chemical
composition gradient from organic to inorganic by the pyrolysis of
polymethylsilsesquioxane (PMSQ) with temperature and allowed wet-
ting conditions to vary from hydrophobic to superhydrophilic.

Here in this article we attempted to fabricate wettability gradient
surfaces with raspberry-like PS/SiO, composite microspheres and ther-
mal gradient field. Composite microspheres would be synthesized
through ethanol sol-gel processing of alkoxysilane on surface of PS
template particles which were carboxylic functionalized, and factors
influencing the raspberry-like morphology and SiO, deposition efficien-
cy would be discussed. Then the resultant suspensions would be coated
onto glass slides and calcinated in thermal gradient field, in order to
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fabricate wettability gradient surfaces from superhydrophobic to
superhydrophilic. The relationship of wettability with calcination tem-
perature and microspheres' raspberry-like morphology would be stud-
ied and explained.

2. Experimental
2.1. Materials

The monomers used in polymerization were all purchased in AR
grade from the Lingfeng Chemical (Shanghai, China). The styrene (St)
was washed with sodium hydroxide solutions (5.0 wt.%) for three
times and distilled to remove the inhibitor before use. The initiator po-
tassium persulfate (KPS) also was purchased in AR grade from the
Kelong Chemical (Chengdu, China) and used after re-crystallization.
The tetraethoxysilane (TEOS), dehydrated ethanol and aqueous ammo-
nia (28.0-30.0 wt.% NH3) were all purchased from the Guangzhou
Chemical (Guangzhou, China) and used as received. DI (deionized)
water was used throughout.

2.2. Synthesis of composite microspheres

The synthesis of composite microspheres was shown in Fig. 1a.

The template polymer particles were prepared via emulsifier-free
emulsion polymerization with a semi-continuous feed process. At first
styrene (19.33 g) and acrylic acid (0.67 g) were mixed with water
(80 g) and emulsified before the solution of KPS (20 g, 0.80 wt.%) was
added, afterwards the reaction was proceeded for 4 h under nitrogen
at 70 °C. Then the solution of acrylic acid (AA) was added dropwise to
graft carboxyl groups onto the surface of the particles and the reaction
went on for another 2 h. The solution of KPS (60 g, 0.35 wt.%) was
added dropwise throughout the polymerization to guarantee enough
amount of radicals in the reaction system. The resultant polymer parti-
cles in emulsions were centrifugal separated, re-dispersed in ethanol
and finally dried under vacuum.

Afterwards the dried template particles (0.5 g) were dispersed in
dehydrated ethanol (40 g) under ultrasound before the addition of
aqueous ammonia (5.0 g) and TEOS (0.25 g). Then the mixture was
stirred at 50 °C in a sealed container for 10 h and aged for 24 h to
make sure the completion of the sol-gel reaction. Some of resultant
suspensions were centrifuged and washed with ethanol for three
times, so that the composite microspheres were separated and ap-
plied to TGA, XPS, SEM and TEM analysis later.

2.3. Fabrication of wettability gradient surfaces

The resultant suspensions of sol-gel processing, which contained
both composite microspheres and free SiO, particles, were spin coated
on glass slides and annealed at 60 °C for 30 min. Then the coated spec-
imens were heated to different temperatures ranging from 225 to
600 °C with heating speed of 10 °C/min and calcinated under that tem-
perature for 1 h. Meanwhile a simple thermal gradient field device
(Fig. 1b) was assembled with alcohol lamp and ice. As one end of the
tin sheet was heated on flame and the other was put on metallic vessel
full of ice water mixture, the temperature changed gradually along the
length of the sheet. Then the coated glass slides were put on the tin
sheet and calcinated in the thermal gradient field for 15 min, and sur-
faces with wettability gradient could be generated.

2.4. Characterization

The morphology of composite microspheres was observed by trans-
mission electron microscopy (TEM, Hitachi, H-7650) and scanning elec-
tron microscopy (SEM, LEO, 1530 VP), while the surface topography of
the samples after calcination was observed with scanning electron mi-
croscopy and atomic force microscopy (AFM, Being, CSPM5000). The
composition of template particles and composite microspheres were
studied with Fourier-transform infrared spectra (FT-IR, PerkinElmer,
spectrum-2200) by dispersing the dried samples in KBr tablets. The sus-
pensions of centrifugal separated composite microspheres were further
treated with microfiltration membrane to remove free SiO, particles, af-
terwards thermogravimetric analysis (TGA, Netzsch, STA-449C-Jupiter)
and X-ray photoelectron spectroscopy (XPS, Shimadzu, Kratos AXIS
Ultra DLD) were used to measure the SiO, content in composite micro-
spheres. The static contact angle of water on surfaces was measured
with contact angle goniometer (Powereach, JC2000C1).

3. Results and discussions
3.1. FT-IR studies

Fig. 2a and b demonstrated the composition change of template
particles after sol-gel processing. Compared with the spectra of PS
template particles shown in Fig. 2a, there appeared absorption peak
around 1100 cm ™' and 3400 cm ™! in the spectra of composite mi-
crospheres (Fig. 2b), which could be attributed to the stretching vi-
bration of the Si—O-Si bonds and Si—OH groups generated in the
sol-gel reaction of TEOS. Then the composite microspheres were

Fig. 1. Illustration of (a) synthesis of composite microspheres and (b) fabrication of wettability gradient surfaces.
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Fig. 2. FT-IR spectra of (a) PS template particles, (b) composite microspheres and
(c) composite microsphere after calcination at 800 °C.

calcinated at 800 °C and the corresponding spectra were shown in
Fig. 2c. It could be found that the peaks of PS templates (3027,
1597, 1504, 1446, 743, 697 cm ™', phenyl group; 2923, 2819 cm ™/,
methylene and methenyl groups) all disappeared after calcination
and only peaks of silicon components left (3448, 1115 cm™ !,
Si—0-Si bonds and Si—OH groups). Therefore we could consider
that SiO, components were generated and it was possible to prepare
composite microspheres via the sol-gel processing.

3.2. Factors influencing sol-gel processing

In order to explore the optimal formulation of preparing composite
microspheres with ideal raspberry-like morphology, we designed series
of experiments based on factors including surface charge density of
template, TEOS amount and water amount. The summary table of rec-
ipes was shown as below (Table 1).

In the first A1-A4 series the factor of surface charge density was
studied. Template particles with varied surface carboxyl densities
were prepared through the adjustment of AA addition in emulsion po-
lymerization. The zeta potential of the template emulsions was found
to increase from —31.0 to —39.7 mV (pH=10.0) with the change of
AA amount (0-7.5 g), indicating that the surface charge density of the
corresponding templates was changed as a result.

From Fig. 3 we could find that the raspberry-like morphology was
better when the negative charge density of templates was lower.
When AA amount was increased to 7.5 g, there were nearly no SiO,
particles deposited on surface of template particles just as shown in

Table 1
Summary of experimental recipes concerning different factors.

Samples AA amount/g TEOS amount/g Water amount/g
Al 0 0.25 0
A2 25 0.25 0
A3 (C1) 5.0 0.25 0
A4 (B1) 7.5 0.25 0
B1 (A4) 75 0.25 0
B2 75 05 0
B3 7.5 1.0 0
C1 (A3) 5.0 0.25 0
c2 5.0 0.25 25
a 5.0 025 10.0

Changes of each experimental factor are highlighted in bold, italics and underline
emphasis.

Fig. 3d. This was because that the siloxane oligomers generated in the
alkali-catalyzed sol-gel reaction were also negatively charged like the
template particles, so the electrostatic repulsion between oligomers
and templates would hinder the deposition of SiO, on template particle
surfaces. Though there also was hydrogen-bonding attraction between
silanol groups on siloxane oligomers and carboxyl groups on templates
[32,33], this attraction was much weaker than the electrostatic repulsion
of ionic groups. Therefore it would be difficult for siloxane oligomers to
reach surface of templates when the surface negative charge density
was large enough.

We could get similar conclusion from the results of XPS and TGA
measurements. From the XPS spectra (Fig. 4a) we could get the quanti-
tative data of the chemical elements on composite microsphere surface
(Supplementary data, Table S-1). Then the element data were
converted into the weights of compounds, and the SiO, contents
could be calculated and compared with the TGA data as shown in the
table of Fig. 4b. The XPS results were somewhat larger than the TGA
ones due to the depth limit of XPS (<100 nm), but their variation
trends were the same that the SiO, contents decreased with the increas-
ing of surface negative charge density.

The factor of TEOS amount was studied in the B1-B3 series. We in-
creased the TEOS amount from 0.25 to 1.0 g based on the template of
7.5 g AA, and found that there were more SiO, particles deposited on
template surfaces as shown in Fig. 5a. This trend also could be found
in the TGA results, as the SiO, contents were 10.8 wt.%, 17.4 wt.% and
38.4 wt.% respectively from B1 to B3 (Supplementary data, Fig. S-2).
The reason was that there were more siloxane oligomers scattering in
the suspension with larger TEOS amount, which increased the probabil-
ity of collision between oligomers and template particles as well as the
deposition efficiency.

The factor of water amount was researched in samples C1-C3. In
the presence of water there would be three reversible reactions in
the sol-gel process of TEOS as shown below [34].

Hydrolysis : =Si-OR + H,0==Si-OH + ROH
Alcohol condensation : =Si-OR + =Si-OH==Si-0-Si= + ROH
Water condensation : =Si-OH + =Si-OH==Si-0-Si= + H,0

When more water was added, the hydrolysis reaction of TEOS would
be accelerated and more silanol groups would generate, which en-
hanced the hydrogen-bonding attraction between oligomers and tem-
plate particles, so the deposition efficiency of SiO, was improved as
illustrated in Fig. 5b. However if the water amount continued to in-
crease, the reaction rate of “water condensation” would simultaneously
speed up and rapidly consume silanol groups, making it more difficult
to form raspberry-like microspheres. This phenomenon could also be
observed in the TGA results, as the SiO, contents were 16.0 wt.%,
30.5 wt.% and 6.6 wt.% respectively from C1 to C3 (Supplementary
data, Fig. S-3).

To sum up, with the above results we could get the optimal formu-
lation of preparing ideal raspberry-like composite microspheres: AA
amount 2.5 g, TEOS amount 1.0 g and water amount 2.5 g, and the
validity of this formulation has been confirmed with experiments
(Supplementary data, Fig. S-5).

3.3. Wettability change with calcination temperatures

The suspension of composite microspheres used here was pre-
pared according to the optimal formulation above. In order to make
clear the relationship of wettability with temperature, we put the
coated specimens under different temperatures and measured their
surface morphology and static contact angle changes. From Fig. 6
we could find that the surface topography of the film changed from
spike-type (Fig. 6a) to pore-type texture (Fig. 6b and c) with
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Fig. 3. SEM and TEM images of composite microspheres with AA amount of (a) 0 g, (b) 2.5 g, (c) 5 gand (d) 7.5 g.

temperature rise. In this process the bumps of composite micro-
spheres melted and shrank gradually with the decomposition of
inner PS component, and finally sacrificed to form pores. The topogra-
phy changes resulted in the change of contact angles. As shown in
Fig. 7 the wetting condition of samples changed from hydrophobic
(CA>110°) to superhydrophilic (CA<3°) with the rise of calcination
temperature. Combined with the TGA and DTG data of PS in air

atmosphere the contact angle variation could be divided into three
segments according to the calcination temperature.

I. The first temperature segment was below the decomposition
temperature of PS (275 °C), in which the calcinated samples
demonstrated hydrophobic property. In this segment the
raspberry-like microspheres composed the main body of the sur-
face and formed spike-type texture as shown in Figs. 6a and 8a.

Fig. 4. (a) XPS spectra and (b) TGA results of composite microspheres with different AA amounts.
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Fig. 5. SEM images of composite microspheres with (a) TEOS amount of 1.0 g and (b) water amount of 2.5 g.

The well-known Wenzel [35] or Cassie-Baxter [36] models were
tried in turn to analyze the wetting ability in this situation.
In Wenzel's model water is assumed to fill up the grooves on the
rough surface. Through the calculation of the surface energy
change, the equilibrium condition of this model is given as:

cosf" = r-cosf (1)

where 6 is the contact angle on flat surface and r is the ratio of the
real surface area to the apparent surface area.

For the surfaces in the first segment 6 of 91° (smooth PS surface)
[29], because the glass slides were spin coated with composite mi-
crospheres, the surface texture was assumed to be regular hemi-
spherical bumps in this model. Then the maximum of the ratio r
could be calculated when the microspheres were close packed:

1
max = Steal/Sapparent = |(2R)’ —7IR + 5-4nR” | /(2R)* = 1.785_(2)

where R was the radius of hemispherical bumps.

Combined with Eq. (1) we could find that the maximum contact
angle of the rough surface was 91.8°, which did not agree with
the experimental results, so Wenzel's model was not suitable for
the original state of the surface.

In the Cassie-Baxter model water does not fill up the grooves on
the rough surface and air is assumed to remain trapped under the
water drop, so that the drop rests on a solid/air composite surface
and the hydrophobicity of surface will be improved [37]. This
case could be expressed as below:

cost” = dg(coshp +1)—1 (3)

where @y is the relative fraction of solid phase underneath the
drop. When calcination temperature was 225 °C the apparent con-
tact angle of surface was 111.2° (Fig. 7) and the corresponding @
was calculated to be 0.653<1.0, indicating the validity of the
Cassie-Baxter model in this case. Besides the dual-size surface to-
pology of raspberry-like microspheres also is helpful for air pockets
to exist between water droplet and the solid surface and reduces
&, which turns the film more hydrophobic [2,4,18].

With the increasing of calcination temperature the coalescence and
melting of PS component was enhanced and the roughness of surface
was lowered just as shown in Fig. 8a, which resulted in the decreas-
ing of r and increasing of &. Therefore the apparent contact angle of
surface was lowered with temperature rise according to Eq. (3).
When the surface roughness decreased to certain extent the applied
model might convert from Cassie-Baxter to Wenzel laws. This is

because that there exists a critical value for the stability of the
air-trapping regime (Cassie-Baxter model) which is given as:

0, = cos™ [, —1)/(r—y)]. )

When the contact angle 6 is between 90° and 6., the air-trapping re-
gime (Cassie-Baxter model) is metastable. Though even in this inter-
val air is still often trapped (6. = 107.9° after calcination at 225 °C),
the surface would finally conform to Wenzel's law and result in the
further reduction of the contact angle [38].

. The second temperature segment was between 225 and about
400 °C in which the PS decomposed. With the decomposition of
polymer components the texture of hemispherical bumps gradually
turned into volcano-like (Fig. 6b) and finally collapsed to form rela-
tively flat surface. But the change of roughness was not the sole rea-
son for the reduction of apparent contact angle. In the above process
the chemical composition of surface changed from PS to SiO,, which
is much more hydrophilic (fr=20°) [39], so the apparent contact
angle of surface was further lowered as shown in Fig. 6d. Because
the flat SiO, surface was possible to generate when PS was half re-
moved by calcination, the point of 50% weight loss on the TGA
curve (400 °C) was selected as the upper limit of this segment.

IIl. The third temperature segment was the part over 400 °C. In this re-
gion the texture of surface completely changed from spike-type into
pore-type texture (Fig. 6¢) and the superhydrophilic phenomenon
appeared. Though the film now must be porous due to the removal
of PS templates on surface and inside, the water drop still could not
completely spread on it (CA=0°). This was because that the pores in
the film were separated by the free SiO, particles and the inward
permeation of water was hindered as a result.

—_
=

As the hemispherical holes on surface were left after the decom-
position of microsphere bumps, the maximum ratio r for this
pore-type surface remained 1.785 as calculated in Eq. (2) with the as-
sumption that the pores were close packed. Combined with the 6
value of SiO, we could find that Wenzel model was not applicable
in this segment as the calculated cos6™> 1.

The Cassie-Baxter model may be applicable in this situation.
When the water drop is deposited on the surface of pore-type texture,
a small amount of liquid would suck into the texture and the
remaining drop would set on a solid/liquid composite surface,
which is similar to the hydrophobic situation [40]. The criterion of
this model is 6g<6., and 6. is calculated according to Eq. (4). As
¢s<1 and r>1 are established fact so that 6. must be larger than 6
and the criterion is satisfied. From the Cassie-Baxter Eq. (3) we
could find that the apparent contact angle 6*only changed with
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Fig. 6. SEM and AFM images of the films calcinated under (a) 225 °C, (b) 300 °C and (c) 600 °C.

on a given surface. In the temperature interval from 400 to about
475 °C there was probably still some PS component left with further
decomposing, but the apparent contact angle remained constant as
the &, was basically fixed for the generation of pore-type surface.

Through the above analysis we could get the conclusion that the
wettability of surface fabricated with the raspberry-like composite
microspheres regularly changed with calcination temperature, and
the range could vary from hydrophobic to superhydrophilic. Based
on this finding we could build up wettability gradient surfaces of
various contact angle ranges with different thermal gradient fields,
just as shown in Fig. 8b.

3.4. Wettability change with raspberry-like morphology

The raspberry-like morphology of composite microsphere also
was important in the wettability change, especially in the hydropho-
bic segment. Fig. 9 demonstrated that the contact angles of samples in
segment increased with the decreasing of AA amount, i.e. the im-
provement of microspheres' raspberry-like morphologies.

The raspberry-like microspheres could help build up surfaces with
dual-scale roughness like the self-cleaning surface of lotus leaf. The
coarse-scale structure of template particles supplied the basic rough-
ness of the hydrophobic surface, while the finer structure of SiO, on
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Fig. 7. Changes of contact angle with calcination temperature.

template particles further increased the roughness and trapped more
air pockets between water droplet and the solid surface. With this
synergistic effect the roughness factor r in Wenzel's model (1) was in-
creased and the solid phase fraction &5 in Cassie-Baxter model (3) re-
duced, so the surface hydrophobility was amplified [2,4,18,41-45].

From Fig. 9 it could also be found that the contact angles of
samples were similar in segment II and Il in which composite
microspheres decomposed, further illustrating the influence of micro-
spheres’ raspberry-like morphology on the hydrophobic effect of
surface.

Fig. 9. Change of contact angle with calcination temperature for samples with different
AA amounts.

4. Conclusions

Raspberry-like composite microspheres were synthesized through
the ethanol sol-gel processing of TEOS on PS template particles.
Carboxyl groups were grafted onto the PS particle surfaces to make
them negatively charged, and influences of factors including surface
charge density of templates, TEOS amount and water amount were
discussed. It was found that the composite efficiency decreased with
the increasing of AA amount due to the electrostatic repulsion effect
between siloxane oligomers and templates, while the increasing of
TEOS amount was helpful for the SiO, deposition. Addition of appro-
priate amount of water also was beneficial for the composite process,

Fig. 8. (a) Geometrical structure change of surfaces with calcination temperature; and (b) Wettability gradient surface resulted from the thermal gradient field.
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but excess water dosage would promote the consumption of silanol
groups and hinder the formation of composite microspheres. Finally
an optimal formulation was got as AA amount 2.5 g, TEOS amount
1.0 g and water amount 2.5 g,

The fabrication of wettability gradient surface was based on the
physical microstructure and chemical composition changes of surface
in thermal gradient field, which contained both raspberry-like compos-
ite particles and free SiO, particles. The surface topography changed
from spike-type into pore-type due to the gradually melting and de-
composition of PS templates, and the substrate composition also
converted from PS onto SiO,. Both changes resulted in a gradient wet-
ting condition from hydrophobic to superhydrophilic, and were sum-
marized as three temperature segments with the help of Wenzel's and
Cassie-Baxter models. The relationship of the raspberry-like morpholo-
gy of composite microsphere with wettability also was studied, and it
was proved that raspberry-like morphology was essential in the im-
provement of surface hydrophobility.
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