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A series of functional silica films on stainless steel meshes are fabricated by simple sol–gel process using
tetraethyl orthosilicate (TEOS) and methyltriethoxysilane (MTES) as precursors and post-thermal treatment
or hydrophobization. The wettabilities of these meshes can range from superhydrophobicity and
superoleophilicity to superamphiphilicity or amphiphobicity. The tunable wetting states are controlled by
changing surface chemistry or morphology. Firstly, methyl-endcapped silica film with superhydrophobic and
superoleophilic property is formed using a dip-coating method; then, the methyl groups are removed by
adequate annealing, and the mesh exhibits superamphiphilic property; finally, after surface modification by
perfluorooctyltriethoxysilane, the amphiphobic mesh is obtained. These stainless steel meshes with different
wettabilities may act as “smart” switches, which can allow oil or water pass through the mesh or not
selectively, and this is potential to be used in intelligent oil/water separating device.co
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1. Introduction

In recent years, the wettability of solid surface has attracted great
interests both in academic research [1–4] and practical applications
[5–8], particularly for the special wetting behaviors, such as super-
hydrophobicity [9–11], superhydrophilicity [12–14], superoleophobicity
[15–17] and superoleophilicity [18,19]. Materials combining any two
different wetting behaviors of solid surface have many potential
applications for their functional properties. For example, superhydro-
phobic and superoleophobic surfaces (also called superamphiphobic
surfaces) of textiles have self-cleaning properties by means of repelling
oils and water [20,21]; superhydrophilic and superoleophilic surfaces
(also called superamphiphilic surfaces) of windshield glasses can keep
transparent and clean when liquids contact on the windshield [22,23].
And superhydrophobic and superoleophilic (abbreviated as Shy-Sol)
surfaces of filters can separate water from oil (or oil from water) easily
and efficiently due to the interfacial phenomena [24–26].

Furthermore, different wetting states can be switched from each
other, which were proved to be feasible and potentially useful in
industrial, environmental, and biological applications, such as
microfluidics, drug-delivery, biosensor and protein enrichment
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[27–30]. The tunable wettability of surface can be realized by various
methods, including light-irradiation [31,32], use of an electric field
[33,34], thermal treatment [35,36] and treatment with solvents
[37,38]. For instance, surfaces with harshly rough nanostructures
modified with fluorinated monolayer or long chain of fatty acids can
be turned from superhydrophobicity to superhydrophilicity by
exposing to ultraviolet light [39,40]. Thermoresponsive amphiphilic
copolymers surfaces with roughness can be swithed from super-
hydrophilicity to superhydrophobicity with increasing temperature
due to the hydrogen bonds variation [41,42]. This inspires the
possibilities of transitions among superamphiphobicity, superam-
phiphilicity and superhydrophobicity and superoleophilicity.

In this paper, tunable wettabilities of stainless steel meshes
were obtained as follows: firstly, a Shy-Sol silica film was fabricated
on stainless steelmeshusing sol–gel process, and themesh can separate
water from oil easily. The efficiency for oil/water separation can be
found in Supplementary Data. Secondly, the mesh was treated with
elevated temperature and the wettability of the mesh was switched
from superhydrophobicity to superhydrophilicity while maintaining
superoleophilicity. It allowed both oil andwater pass through themesh.
At last, self-assembled monolayer of perfluorooctyltriethoxysilane was
coated on the thermal treated mesh, the obtained mesh exhibited
amphiphobic property, and oil and water were prevented to pass
through the mesh. Schematic illustration of different oil/water
separating states of stainless steel meshes with different wetting
properties can be seen in Fig. 1. The tunable wetting meshes can thus
be used as switches to control oil or water penetrating the mesh and
may have potential application in smart oil/water separating device.

http://dx.doi.org/10.1016/j.surfcoat.2011.05.049
mailto:Zhryang@scut.edu.cn
http://dx.doi.org/10.1016/j.surfcoat.2011.05.049
http://www.sciencedirect.com/science/journal/02578972


Fig. 1. Schematic illustration of different oil/water separating states on stainless steel meshes with different wetting properties.
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2. Material and methods

2.1. Preparation of silica sol

The preparation of hydrophobic silica sol was carried out using a
method described in our previous work [43]. Briefly, 7 mL (0.03 mol)
tetraethyl orthosilicate (TEOS, 98%, analytical reagent, abbreviated as A.
R.) was added to 5 mL (0.13 mol) ammonia (NH3, 25% in water, A.R.),
9 mL (0.5 mol) deionized water (H2O) and 100 mL (1.74 mol) absolute
ethanol (EtOH, 99.5%, A.R.) under rapid stirring using a mechanical
agitator. The mixture was allowed to react at 60 °C for 90 min. Then,
3.9 mL (0.02 mol) methyltriethoxysilane (MTES, 98%, A.R.) was added
dropwise to themixture and stirred for 19 h to avoid gel formation. As a
result, the silica sol cannot turn to gel within one week, which can
prolong the service life of the sol solution. The obtained silica sol was
composed of about 220 nm spheric silica nanoparticles, and the
polydispersity index of the nanoparticles was 0.028, which indicated
that the silica sol was monodisperse and stable (see Fig. S1).
2.2. Preparation of samples

The procedure for preparing different wetting properties of stainless
steel meshes is outlined in Fig. 2. Shy-Sol silica film on stainless steelsp
Fig. 2. Schematic diagram of procedure to fabricate Sho-Sol, superam
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mesh was prepared based on a dip-coating method described earlier
[43]. In detail, fresh silica sol solutions were aged for 3 days at ambient
temperature and pressure, and then stainless steel mesh was dipped
into the sol solutions for about 5 min, and dried at 110 °C for 30 min.
This procedure was recycled 4 times to get enough roughness of the
silica film. Shy-Sol mesh was acquired at 400 °C for 2 h. After that, the
mesh was annealed at 600 °C for another 2 h to gain superamphiphilic
property. Lastly, amphiphobic mesh was obtained by further surface
modification using perfluorooctyltriethoxysilane.

Surface modification of the stainless steel mesh was conducted as
follows: the mesh was put into the mixtures of perfluorooctyltriethox-
ysilane (Dynasylan F8261, Degussa), EtOH, H2O and 0.1 M hydrochloric
acid in 0.5/88/10/1.5 weight percentage for 30 min and was dried at
120 °C for 2 h. The resultant mesh was washed in ethanol under
ultrasonication to remove surplus silica and dried prior to analysis..co
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2.3. Characterization

The surface morphology of the silica film was measured by field-
emission scanning electron microscopy (FESEM, LEO 1530 VP,
Germany). The surface roughness of the film was characterized by
atomic forcemicroscope (AFM, CSPM5000, Benyuan, China). Scanning
scope is 25×25 μm. The surface chemical composition of the film was
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Fig. 3. (a) Images of 5 μLwater droplet rolling off thesilicafilm(TheWTA is 9.2°); (b) Images
of 5 μL aviation kerosene droplet spreading out on the silica film.
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determined by X-ray photoelectron spectroscopy (XPS). XPS data
were collected in both survey and high-resolution mode on Kratos
Axis Ultra DLD systems equipped with Al Kα X-ray source and
operating at 300 W. Elementary analyzer (Vario EL III, Elementary,
Germany) was used to calculate quantitatively the organic content of
the silica nanoparticles. The decomposition temperature of the organic
groups of the nanoparticles was computed by thermogravimetric
analyses and differential scanning calorimetry (TG-DSC, NETZSCH
STA449C, Germany) by heating the sample (8 mg) in a flow of air
(30 mL/min) at 10 °C/min from room temperature to 1000 °C. The
samples forTG-DSCwerepreparedbyevaporating10 mLof the colloidal
suspension under ambient conditions for several hours till powders of
constant weight were obtained.

Static contact angle and tilt anglemeasurementswereperformedwith
anoptical contact anglemeter (OCA40Micro,Dataphysics,Germany). The
wettability of the stainless steel meshes was determined by measuring
the contact angles of threeprobe liquids,water (γ=72.8mN/m), aviation
kerosene (γ=22–26 mN/m) and diiodomethane (γ=50.8 mN/m). The
hydrophobicity and oleophilicity were measured respectively with 5 μL
water and 5 μL diiodomethane or aviation kerosene. An average of five
measurements was made to determine the hydrophobicity and oleophi-
licity of the film. The tilt angles were measured by immobilizing the
meshes on a plate and tilting both themicroscope and the plate until 5 μL
water droplet rolling off the meshes.

3. Results and discussions

3.1. Shy-Sol mesh

Silica nanoparticles are usually hydrophilic or even superhydrophilic
when prepared by well-known Stöber method since the surface of the
particles is fully covered with silanol groups (Si–OH) [44,45]. In order to
get hydrophobic silica nanoparticles,MTES is usually used as hydrophobic
reagent to graft methyl groups on the surface of the silica nanoparticles
[46–48]. MTES can hydrolyze ethyoxyl groups to generate silanol groups,
whichcan reactwith silanol groupsof the silicananoparticlesproducedby
sol–gel process using TEOS,finally introducing Si–CH3 groups on the silica
nanoparticles. The reactionmechanismcanbe found in references [43,49].
The remaining silanol groups of the silica nanoparticles can condensewith
the hydroxyl groups of the stainless steel mesh to make the silica
nanoparticles adhere to the mesh.

The Shy-Sol silica film can be formed on the stainless steel mesh
using simple dip-coatingmethod and post thermal treatment as seen in
Fig. 2. The thermal treatmentwasunder conditions of 400 °C for 2 h. The
wettability of the Shy-Sol mesh is investigated by water and aviation
kerosene. The results show that the water contact angle (WCA) of the
mesh is 154.8°, and water tilt angle (WTA) is 9.2° (Fig. 3(a)), which
shows superhydrophobicity. And 5 μL aviation kerosene droplet can
spread out on the mesh in less than 160 ms (Fig. 3(b)), which proves
superoleophilicity. Besides, the wettability of the mesh is nearly
unchangeable after pouring with 2 kg/cm2 water stream, which
indicates good adherency of the silica film on stainless steel mesh.
This special wetting phenomenon can be attributed to the synergy
effects of surface chemistry and morphology.

The hydrophobicity of the silicafilm is obtained by eliminating of the
silanol groups of the silica nanoparticles and shielding of other residual
silanol groups [50]. However, WCA of a pure homogeneous and ideally
smooth surface with CH3-terminated domains is only 110.0° [51,52],
which is much smaller than the WCA of the mesh obtained in our
experiment. So it can be deduced that the hydrophobicity is enhanced
intensely by the special surface structure of the silica film. The surface
morphology of the mesh can be observed by FESEM, shown in Fig. 4
(a)–(d). From these images, it canbe seen that the smooth stainless steel
wires are completely coatedby the silicafilm. The thickness of thefilm is
less than 6 μm (see Fig. S2) and has little effect on the pore size of the
mesh (75 μm), which is a very important parameter for oil/water
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 separation. The silicafilm consists of sphere silica nanoparticleswith the
diameter of about 220 nm.And it also canbe found in Fig. 4 that irregular
clusters with the average sizes of 1–5 μm are formed by aggregating
hundreds of silica nanoparticles. Thus the micro-nano-binary structure
is constructed on the mesh as the lotus leaf. Indeed, considering the
structures of the stainless steelmeshwith 45 μmdiameters ofwires and
75 μm of pore size, there are three levels of roughness on our samples.

The relationship between contact angle and surface roughness can
be well described by the Cassie–Baxter equation [53].

cosθr = f1 cosθ−f2 ð1Þ

Where θr and θ are contact angles of rough and flat surfaces,
respectively; f1 and f2 are the corresponding fractions of the solid surface
and air in contactwith the liquid, f1+ f2=1. This equation indicates that
the larger air fraction (f2), the more hydrophobic of the surface. In our
experiment, θr and θ are 154.8° and 110.0°, respectively, both nanoscale
sphere silica particles structure and microscale irregular clusters
structure can bring a large quantity of trapped air when in contact
with water (f2=0.855, calculated based on Eq. (1)), which is essential
for the mesh to show superhydrophobicity.

On the other hand, surface with CH3-terminated domains is
intrinsically oleophilic because of the similarity in chemical component.
When oil drop contacts with the silica film, the oil is drawn into the air
pocket. In the other words, air is replaced by the oil. Moreover, the



Fig. 4. FESEM images of the pristine stainless steel mesh and Shy-Sol mesh. (a) stainless steel mesh, the inset is the higher-magnification image. (b), (c), (d) are different
magnification images of the Shy-Sol mesh at 500X, 5.0 K X and 20.0 K X respectively. The inset in (d) is the image of a static water droplet (5 μL) on the film.
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hollow structure of the porous silicafilm and the low adhesion between
oil and the filmmake oil penetrate the film. In fact, oil can penetrate the
mesh rapidly and completely by means of capillary action [54]. In
conclusion, the micro-nano-binary structure of the silica film enhances
the wetting of oil and non-wetting of water.

3.2. Superamphiphilic mesh

According to the mechanism of wettability, tailoring the surface
structure or controlling the surface coverage of hydrophobic organic

w.sp
Fig. 5. Relationship between the WCA and WTA of the mesh and its annealing
temperature.
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groups on the silica framework can change the wettability of the silica
film [55–58]. In our experiment, altering the annealing temperature
can realize the tunablewettabilities of the silica films on stainless steel
meshes. After annealed at 600 °C for 2 h, the WCA of the mesh varies
from 154.8° to almost 0°, and the WTA varies from 9° to an
immeasurable value, for water droplet spreads out on the mesh too
fast to be measured. The relationship between the WCA and WTA of
the mesh and its annealing temperature is shown in Fig. 5. It can be
seen from Fig. 5 that the WCAs increase slowly and WTAs decrease
with the annealing temperature increasing from 110 °C to 400 °C.

m

Fig. 6. TG–DSC curves of the as-prepared hydrophobic silica nanoparticles.
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Table 1
C and H elements contents of the silica nanoparticles at different annealing temperatures.

Annealing temperature (°C) C element content (%) H element content (%)

110 7.743 2.150
200 7.394 2.049
300 5.167 1.745
400 3.943 1.208
500 0.388 0.243
600 0 0
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However, if the silica film is annealed above 400 °C, the WCAs
decrease sharply andWTAs increase. And at last, the mesh turns to be
superhydrophilic after annealed at 600 °C.

The TG–DSC curves shown in Fig. 6 reveal the change of surface
chemistry of the silica nanoparticles with increasing temperature. The
TG curve gives 20.72% weight loss with respect to the increase in
temperaturewithin the range of 110–600 °C, which is much larger than
the silica nanoparticles prepared by Stöber method at the same range
(4.82%, see Fig. S3). The strong exothermic peak corresponding to the
oxidation of surface organic groups (methyl groups) is well resolved in
the DSC curve at 511.4 °C. To quantitatively analyze the decomposition
ration of the methyl groups, C and H elements contents of the silica
nanoparticles at different annealing temperatures are displayed in
Table 1. The results indicate that both the C and H elements contents
decrease within the range of 110–600 °C, and both of them reach 0 at
600 °C, which suggests that the methyl groups are decomposed
completely. Interestingly, the WCAs of the mesh do not decrease
owing to the reducing methyl groups below 400 °C. Even when the C
element content is only 0.388 at 500 °C, the WCA of the mesh is still as
high as 126.3°. Only when annealed at 600 °C, the mesh exhibits
superhydrophilicity.

The reason may be resolved in surface roughness. The surface
morphologies of the silica film annealed at different temperatures of
110 °C and 600 °C, respectively, are displayed in Fig. 7. It is found that
the surface structures of the films are quite different at different
temperatures. When annealed at 110 °C, the film is slightly smooth,
and the silica nanoparticles are dispersed randomly on the stainless
steel wires. The single nanoscale structure is not rough enough to
fulfill superhydrophobicity (WCA of themesh is 133.5°).When raising
the temperature, the micro-nano-binary structure is formed (see
Fig. 4(d)) and the wetting behavior of the mesh fits Cassie–Baxter
regime, so the WCA is affected by the air fraction of the solid surface

.sp
Fig. 7. FESEM images of the silica films annealed at 110 °C(a) and 600 °C(b). The magnificati
meshes.
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regardless of the decomposition of methyl groups. Even when the
methyl groups are nearly decomposed completely at 500 °C, the film
shows water repellency on the hydrophilic surface [59].

However, when annealed at 600 °C, the silica film becomes
densification as a transition state of ceramic membrane, which can
be seen in Fig. 7(b). The crystal phase transition of the silica
nanoparticles is the reason for change of the surface morphology of
the silica film, and the XRD patterns of the silica nanoparticles
annealed at 110 °C, 400 °C and 600 °C are shown in Fig. S4. Both the
micro-nano-binary structure and the porous massive structure
coexisting on the silica film indicates that the wetting behavior of
the silica film may be the transitional regime between Wenzel's and
Cassie's regimes [60], wherein air pocket can be partly replaced by
water droplet. Due to the decomposition of the methyl groups of the
silica nanoparticles, the hydrophilic film is formed [61,62]. The water
droplet is thus absorbed on the film and fills in the air pocket. Owing
to the porous structure of the silica film, the hydrophilicity is
enhanced and superhydrophilicity is eventually achieved. Besides,
the oleophilicity is not affected much by the change of surface
chemistry and morphology, because the low surface tension of the
aviation kerosenemake it prone to wetting the porous structure of the
silica film all the time. .cn
3.3. Amphiphobic mesh

The superamphiphilic silica film can further be tuned to be
amphiphobic by surface modification with fluoroalkylsilane mono-
layer without changing the surface morphology. Fluoroalkylsilane is a
classic modifying agent to lower surface free energy of materials,
because the−CF3 terminated surface is reported to possess the lowest
surface free energy [63], about 6mN/m, which is much smaller than
the surface tensions of oils, so it is expected to gain the oleophobic
property of the film. The WCA and contact angles for diiodomethane
and aviation kerosene of the amphiphobic mesh are 145.2°, 126.1°
and 117.8°, respectively, and the WTA is slightly large, at about
15–18°. The results reconfirm that the wetting behavior of the silica
film annealed at 600 °C is in the transitional regime betweenWenzel's
and Cassie's regimes, for Cassie's regime has extremely small contact
angle hysterisis or WTA, but this value becomes large in the Wenzel
one [64].

The surface chemical compositions of the Shy-Sol, superamphi-
philic and amphiphobic silica films were determined by XPS analysis.
Fig. 8(a) shows that the Shy-Sol film consists of O (37.4%, Atomic
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on of the images is 20.0 K X. Insets are the images of static water droplets (5 μL) on the



a) b)

c) d)

Fig. 8. XPS spectra (a) and C 1 s fitting spectra (b, c, d) of the as-prepared silica films. A, B and C represent Shy-Sol film, superamphiphilic film and amphiphobic film, respectively.
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concentration, abbreviated as At%), C(29.3%) and Si(33.3%); super-
amphiphilic film consists of O(57.5%), Si(26.3%) and C(16.2%); and
amphiphobic film consists of O(32.6%), F(24.9%), Si(24.8%) and C
(17.7%). C element denotes −CH3 or −CH2, Si element denotes −SiO
and F element denotes−CF3 or−CF2 groups. As for O element, it may
come from −SiO or oxide of −CH3 at 600 °C, so to clarify the exact
groups of the superficial chemical component, the high resolution XPS
C 1 s spectra were detected as shown in Fig. 8(b). The Shy-Sol film has
only one peak at 284.6 eV, which shows the surface has hydrophobic
−CH3; the superamphiphilic film has another peak at 286.1 eV, which
may represent −COC=O. The area rations for −COC=O and −CH3

are 58.6% and 41.4% respectively, for a large quantity of methyl groups
are oxidized compared to Shy-Sol film. The binding energies of 293.2,
290.9, 287.0 and 284.6 eV emerging in amphiphobic film are typical
for −CF3, −CF2, −COC=O and −CHn (n=2, 3) moieties, and their
area rations are 11.3%, 46.6%, 9.0% and 33.1% respectively. The sum of
area for fluorinated groups is as high as 57.9%, and hydrophilic group
of −COC=O is sharply reduced from 58.6% to 9%, The results are
consistent with TG and elements analyses.

The surface roughness of the Shy-Sol and amphiphobic silica films
was investigated by AFM analysis. From the 3D AFM images as shown
in Fig. 9, it is found that the surface roughness decreases when the
silica film is annealed at 600 °C. Root mean squares (Rms) of the
Shy-Sol film and the amphiphobic film are 188 nm and 122 nm,
respectively. Fig. 9(a) shows the small mastoid and the hillock-like
structure with the relevant WCA (154.8º) and the low WTA (9º),
which suggests the Cassie–Baxter regime with air entrapped below
the water. Fig. 9(b) presents discontinuous structure with both
roughness and flat. The WCA of this film is 145.2°, and the water
droplet does not roll off as readily as the film in Fig. 9(a) does. This
indicates the transitional regime between Wenzel's and Cassie's

www.sp
regimes, in which water tends to penetrates into the rough surface
cavities. Consequently, the surface morphology plays key role in
fabricating superhydrophobic films regardless of the surface
chemistry.

m

4. Conclusions

In this article, we fabricated a Shy-Sol silica film on stainless steel
mesh using simple sol–gel process. XPS analysis showed that the
surface of the silica film containsmethyl groups, which is hydrophobic
and oleophilic in nature. And micro-nano-binary structure con-
structed on the stainless steel wires enhances the wetting of oil and
non-wetting of the water. The wettability of the Shy-Sol mesh can be
tuned by changing the surface structure and chemistry. When
annealed at 600 °C, the mesh switches from Shy-Sol surface to
superamphiphilic surface due to the transition from Cassie–Baxter
regime to Wenzel regime and the oxidation of the methyl groups.
When superamphiphilic mesh is further modified with fluoroalk-
ylsilane monolayer, the mesh shows amphiphobic property because
of the decrease of surface free energy. These tunable wetting
interfacial materials have promising potential to be used in intelligent
oil/water separating device.

Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.surfcoat.2011.05.049.
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Fig. 9. 3D AFM images of the Shy-Sol film (a) and the amphiphobic film (b).
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