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Abstract Enhancement of the surface hydrophobicity of polydimethylsiloxane (PDMS) thin films deposited on

substrates covered with titanium dioxide (TiO2) nanospheres was studied. First, a low-temperature solution-phase

method using polyvinylpyrrolidone (PVP) as a surface capping agent and a water/dimethylformamide (DMF) mixture

as the reaction medium was used to synthesize monodisperse TiO2 nanospheres. It was possible to easily control

hydrolysis rate of the Ti-precursors and the size of the synthesized nanospheres by varying the amount of PVP and the

volume ratio of the solvent mixture. Spray coating of the synthesized TiO2 nanospheres under the PDMS film increased

the water contact angle of the film surface to 150.3o. This simple treatment can modify the surface morphology at a

nanometer scale without any long or complicated nanoprocess; hence, the surface enters the superhydrophobic Cassie-

Baxter regime.
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I. Introduction

Preparation of titanium dioxide (TiO2) nanostructures is of

great interest because of their wide range of applications in

solar cells, photocatalysts, photo- and electro-chromics,

and sensors [1-4]. In order to improve the performance of

such devices, spherical TiO2 nanoparticles are of particular

interest due to their large surface area and pore volume

[5,6]. Although various techniques have been proposed to

synthesize TiO2 nanospheres such as the sol-gel,

hydrothermal, solvothermal and templating methods [6-9],

the preparation of monodispersed TiO2 nanospheres with

regular and small sizes (<100 nm) remains difficult and

requires relatively high reaction temperatures. Furthermore,

even with the most widely used sol-gel method, it is hard to

control the size and aggregation of TiO2 nanospheres because

hydrolysis of the Ti-precursor is highly sensitive to moisture.

In this work, we developed a simple low-temperature

solution-phase method to prepare monodisperse TiO2

nanospheres using water/dimethylformamide (DMF) mixed

solvent with an appropriate additive, polyvinylpyrrolidone

(PVP). The size of the nanospheres was controlled

successfully and easily by varying the amount of PVP and the

volume ratio of the two solvents.

TiO2 nanospheres of various sizes were then applied to the

preparation of superhydrophobic polymer films.

Superhydrophobic surfaces, surfaces with a water contact

angle (WCA) greater than 150o, have attracted growing

attention for applications in self-cleaning films, waterproof

fabrics, and environmentally resistant coatings [10,11]. The

hydrophobicity of the surface is known to depend strongly on

the surface geometry as well as on the surface materials

[12,13]. Due to its low surface energy and good

processability, polydimethylsiloxane (PDMS) is one of the

most widely used coating materials for this purpose [14].

However, the WCAs reported for PDMS-coated surfaces

without further treatment are normally 100o-110o [15,16],

which values are not suitable for superhydrophobic surface

applications. In order to enhance the hydrophobicity of the

PDMS-coated surfaces, various methods have been

proposed for nanostructuring the surface, including

lithography [17,18], imprinting [14,19], ion bombardment

[20], and others [21,22], because it is widely accepted that

the WCA tends to increase as the surface roughness

increases [23,24]. However, these techniques require long

and complicated nanoprocesses and are therefore unsuitable

for practical use. Instead, we fabricated superhydrophobic

PDMS films by simply spraying synthesized TiO2

nanospheres under a PDMS coating layer. We then carried

out quantitative analyses to determine the effect of these

underlying nanospheres on the surface hydrophobicity.

II. Experimental

1. Preparation of TiO2 nanospheres

Five different volume ratios of water/DMF mixtures

(~20 ml) were used as reaction solvents. First, PVP (0.1,
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0.2, and 0.3 g) was dissolved in x ml (x=2, 6, 10, 14 and

18) of DMF (99.8%, Sigma-Aldrich, St. Louis, MO, USA)

and stirred for 1 h at room temperature until the solution

was uniformly dispersed. Then, 0.5 ml (1.69×10−3mol) of

Ti-precursor, titanium (IV) isopropoxide (TTIP, 97.0%,

Sigma-Aldrich, St. Louis, MO, USA) was added to the

solution and stirred for 10 min at room temperature. When

(20-x) ml (x=2, 6, 10, 14, and 18) of deionized water was

added dropwise to the solution (for a total volume of

~20 ml), the color abruptly changed to white. After further

stirring the solution for 2 h at room temperature, the

product was purified by centrifugation with plenty of

isopropyl alcohol (IPA). To wash off the remaining

residues completely, the resulting precipitant was washed

with 35 ml of IPA three times and then vacuum dried. 

2. Preparation of PDMS films

The obtained TiO2 nanospheres were redispersed in ethanol

at a concentration of 3 mg/ml and then sprayed onto an

indium tin oxide (ITO)-coated glass substrate. The

spraying speed and carrier gas pressure were 500 µl/min

and 0.4 bar, respectively. The nanosphere-covered surface

was then coated with PDMS. Before the PDMS coating

was added, the surface was treated with 0.5 wt% 3-

aminopropyltriethoxysilane (APTES) aqueous solution

(99%, Sigma-Aldrich, St. Louis, MO, USA) in order to

create a strong and highly stable PDMS adhesion [14,25].

Subsequent dip-coating of monoglycidyl ether-terminated

PDMS (average Mn~5000, Sigma-Aldrich, St. Louis, MO,

USA) for 30 min formed strong covalent bonds between

the APTES-treated surface and the PDMS through epoxy-

amine chemistry [14,25]. The PDMS-coated substrate was

washed with plenty of IPA and then dried at 80oC for 4 h.

2. Characterization

Surface morphologies and nanostructures were analyzed

using field emission scanning electron microscopy (FE-SEM)

(JEOL JSM-7410F, JEOL Ltd., Akishima, Tokyo, Japan) and

X-ray diffraction (XRD, Philips PW1827). The optical

transmittance and surface hydrophobicity of the PDMS films

were measured using a UV-vis spectrophotometer (S-3000,

Scinco) and a contact angle analyzer (Phoenix 300 System,

PHOENIX Restoration Equipment, Madison, WI, USA),

respectively.

III. Results and Discussion

Fig. 1 shows the representative FE-SEM images of the

TiO2 nanospheres prepared with (a) 0.1 g, (b) 0.2 g, and (c)

0.3 g of PVP in ~20 ml of water/DMF (volume ratio of

9:1) mixed solution. Various sizes of TiO2 nanospheres

with almost completely spherical shapes can be clearly

observed. For comparison, TiO2 nanoparticles without PVP

were also prepared. In this case, nanoparticles with

relatively irregular shapes and aggregations can be

observed, as shown in Fig. 1(d); this irregularity implies

that PVP plays an important role in producing spherical

nanoparticles. A great deal of work has been conducted

using PVP to control the shape of various metal and metal

oxide nanoparticles, as well as to stabilize the reactions

[26-29]. However, to the best of our knowledge, there has

been no report on PVP-assisted synthesis of TiO2

nanospheres. As can be seen in Fig. 1(a), the addition of

0.1 g of PVP results in the formation of TiO2 nanospheres,

although the nanosphere sizes are not uniform. This is

probably because the amount of PVP was insufficient to

affect all of the nanospheres formed. By increasing the

molar ratio of PVP, the size of the TiO2 nanospheres

becomes smaller and more regular, as shown in Figs. 1(b)

and 1(c). This is probably because, in the case of higher

PVP concentrations, more PVP is adsorbed on the different

faces of the TiO2 surface, restricting the growth along these

faces [28]. The higher PVP concentration increases the

viscosity of the solution, which also contributes to

Figure 1. FE-SEM images of TiO2 nanospheres prepared using
the low-temperature solution-phase method in ~20 ml of
water/DMF (volume ratio of 9:1) mixed solvent. The amounts
of PVP used were (a) 0.1 g, (b) 0.2 g, (c) 0.3 g, and (d) 0 g. 

Figure 2. FE-SEM images of TiO2 nanospheres prepared using
the low-temperature solution-phase method with 0.2 g of PVP
and ~20 ml of water/DMF mixed solvent. The volume ratios of
water:DMF were (a) 9:1, (b) 7:3, (c) 3:7, and (d) 1:9. 
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impeding the growth of the nanospheres [29]. The average

diameters of the TiO2 nanospheres are 260, 88, and 49 nm

when the amounts of PVP are 0.1, 0.2, and 0.3 g,

respectively. 

The volume ratio of water to DMF was also found to

affect the size of the TiO2 nanospheres. As the relative

amount of DMF increases, the size of the nanospheres

tends to decrease, as shown in Fig. 2. When the water/

DMF volume ratios are 9:1, 7:3, and 3:7, the average

diameters are 88, 58, and 31 nm, respectively. This is

probably because the reaction rate for TiO2 formation

increases as the relative amount of water increases (as

shown in Equation (1)), which facilitates the formation and

aggregation of TiO2 nanospheres. 

(1)

Similar results of size dependence on the water

concentration have been reported for the fabrication of

Cu2O nanospheres [26]. However, when the water

concentration is lower than the volume ratio of 3:7 of

water/DMF, the nanospheres lose their dispersibility and

appear to be mashed, as shown in Fig. 2(d). 

The prepared TiO2 nanospheres were applied to the

fabrication of superhydrophobic surfaces of PDMS films.

First, the as-synthesized TiO2 nanospheres were redispersed

in ethanol and spray-coated onto the glass substrates. The

PDMS monolayers were then coated on the TiO2-sprayed

surface. Fig. 3 shows the results of the surface WCA

measurements. The WCA of the PDMS film without TiO2

nanospheres is 101.7o (Fig. 3a). Spray coating of the TiO2

nanospheres under the PDMS films causes a significant

increase in the WCA, as shown in Figs. 3(b) to 3(d). The

average diameters of the TiO2 nanospheres used were

260 nm, 88 nm, and 49 nm; these were prepared with

0.1 g, 0.2 g, and 0.3 g of PVP, respectively, in a 9:1 water/

DMF solution. The WCA increases to 150.3o for the film

treated with 88 nm TiO2 nanospheres (Fig. 3c) and then

decreases to 134.7o when 49 nm TiO2 nanospheres are

used (Fig. 3d). The dramatic increases in the surface

hydrophobicity compared to that of the bare PDMS film is

probably due to the increase in the surface roughness

caused by the TiO2 nanospheres under the PDMS film.

This is also supported by the fact that when the mashed

TiO2 nanospheres (Fig. 2d) were used, the WCA of the

film decreased significantly to 101.3o (Fig. 3e), similar to

the WCA of the bare PDMS film.

In order to investigate the effect of the nanospheres more

quantitatively, two well-known surface-hydrophobicity

models, the Wenzel model [30] and the Cassie-Baxter model

[31], were considered. Generally, while the Wenzel model

fits surfaces with relatively low roughness values, the

Cassie-Baxter model explains highly rough and more

hydrophobic surface well [12,32]. Although the nanospheres

in our work were not perfectly arrayed, a model surface

consisting of closely packed nanospheres was considered for

the convenience of this study, as shown in Fig. 4. The

contact between the nanospheres and the water droplet can

be considered to be a line, as shown in Fig. 4(b), because

the average diameter of the water droplets, ~2.7 mm, is

Ti OR( )
4

2H
2
O TiO

2
4ROH+→+

Figure 3. (a) WCA measurements of PDMS film surfaces (a)
without TiO2 nanospheres and (b-e) with TiO2 nanospheres
spray-coated under the film. The TiO2 nanospheres used were
prepared using the low-temperature solution-phase method
with (b) 0.1 g, (c) 0.2 g, and (d) 0.3 g of PVP in ~20 ml of
water/DMF (volume ratio of 9:1) mixed solvent. (e) The WCA
for the PDMS surface under which the mashed TiO2

nanospheres (0.2 g of PVP and water/DMF volume ratio of
1:9) were coated was also measured for comparison. The
WCAs measured are (a) 101.7o, (b) 147.4o, (c) 150.3o, (d)
134.7o, and (e) 101.3o.

Figure 4. (a) Top view and (b) side view schematic illustrations of the model surface which is covered with two-dimensionally
arrayed nanospheres and a water droplet floating on the surface. 
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significantly larger than that of the nanospheres. In the

Wenzel model, the contact angle of the roughened surface,

θW, is related to that of the planar surface, θ, and the

roughness factor, r, by Equation (2)

(2)

where r can be determined from the ratio of the actual

surface area to the projected area [30]. For the model

surface, r is 1.79 and is independent of the nanosphere

radius, a, because in a unit cell consisting of one

hemisphere (Fig. 4a), the ratio of the surface area, 4a2+

πa2, to the projected area, 4a2, is constant, (4+π) / 4.

Therefore, based on the contact angle of the PDMS surface

without TiO2 nanospheres, 101.7o, and an r value of 1.79,

the expected WCA of the nanosphere-covered surfaces is

constant at 111.3o, which is significantly smaller than the

experimentally obtained WCAs (134.7o-150.3o). This large

difference in WCAs implies that the nanosphere-covered

surfaces enter the Cassie-Baxter regime instead of the

Wenzel regime. The Cassie-Baxter model is represented by

Equation (3)

(3)

where f is the area fraction of the solid-liquid interface

[31]. For the nanosphere-arrayed model surface, f can be

calculated using Equation (4).

(4)

where a and b are the radius of the nanospheres and the

depth of the water droplet determined from the top of the

nanospheres, respectively, as shown in Fig. 4(b). From the

average diameters of the TiO2 nanospheres used and the

WCAs measured, the b values can be calculated using

Equations (3) and (4). When the diameter of the

nanospheres is 260 nm (Fig. 3b), the depth, b, is calculated

and found to be 17.5 nm. In the cases in which nanospheres

with average sizes of 88 nm (Fig. 3c) were used, the b value

was calculated and found to be 4.9 nm. These much smaller

b values compared to the sizes of the nanospheres indicate

that the spaces formed between neighboring nanospheres,

and the consequently large surface roughness, play

important roles in moving the film surface to a

superhydrophobic Cassie-Baxter regime. However, the

effect of the nanospheres on the floating water droplets

seems to decrease as the size of the nanospheres decreases.

When nanospheres with average sizes of 49 nm (Fig. 3d)

are used, a relatively large b value of 6.7 nm is obtained.

IV. Conclusions

Monodisperse TiO2 nanospheres with average diameters of

30-260 nm were successfully prepared using a surface-

capping agent, PVP, in a water/DMF mixed solvent. As the

concentration of the PVP was increased, smaller and more

regular sized nanospheres were obtained. The size of the

nanospheres was also dependent on the volume ratio of the

solvent mixture. The average diameter decreased from 88

to 31 nm as the volume ratio of the water/DMF varied

from 9:1 to 3:7. At lower water concentrations, such as the

water/DMF volume ratio of 1:9, however, nanospheres did

not form. The surface hydrophobicity of the PDMS film

significantly increased when the prepared TiO2 nanospheres

were spray-coated under the film. WCAs of the PDMS

films with TiO2 nanospheres were in the range of 134.7o-

150.3o; these values were much larger than that (101.7o) of

a PDMS film without nanospheres. The entry of the film

surface into the superhydrophobic Cassie-Baxter regime

was attributed to the increased surface roughness due to the

nanospheres coated under the film.
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