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A stable titanate nanobelt (TNB) particle suspension was prepared by a hydrogen-bond-driven

assembly of pre-hydrolysed fluoroalkylsilane (FAS) on its surface. A one-step electrophoretic

deposition was applied to fabricate a transparent cross-aligned superhydrophobic TNB/FAS film on

a conducting glass substrate. By controlling the deposition time, we have shown the transition between

a ‘‘sticky’’ hydrophobic state (high contact angle with strong adhesion) and a ‘‘sliding’’

superhydrophobic state (high contact angle with weak adhesion). The optical transmittance can reach

as high as 80% throughout most of the visible light region of the spectrum. These coatings have also

displayed high chemical stability and self-cleaning ability. Upon heating the hydrophobic coatings at

500 �C, the TNB coating transforms into a porous TiO2(B) structure with superhydrophilic behavior

and could be used for anti-fogging applications. With this TiO2-based system, we have demonstrated

three different wetting states: superhydrophobicity with weak adhesion, high hydrophobicity with

strong adhesion, and superhydrophilicity with immediate water spreading. Moreover, this work has

also demonstrated superhydrophobic TNB/FAS films with high chemical stability and good self-

cleaning performance and superhydrophilic pore-like TiO2(B) films with rapid water spreading and

excellent anti-fogging ability.
Introduction

Superhydrophobic surfaces (water contact angle $ 150�) with
varying degree of droplet adhesion have attracted great attention

from both academic and practical points of view.1–3 Potential

applications such as microfluidics, textiles, self-cleaning and anti-

fogging surfaces have been envisaged.4–11 Superhydrophobic

surfaces have been achieved through the control of both chemical

composition and morphological structures of the surface.12–15 To

date, many fabrication methods have been proposed to prepare

superhydrophobic surfaces, including the sol–gel method, phase

separation, layer-by-layer deposition, colloidal self-assembly,

and template-based techniques.16–25 However, many of these

fabrication processes involve sophisticated multi-steps and are
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often time consuming, which poses a hindrance for practical

application. Formation of optically transparent films from

organically modified polystyrene spheres or silica particles using

the dip-coating method has been reported.26,27 Nevertheless, so

far, it remains a great challenge to generate superhydrophobic

surfaces with good transparency and robust stability in both

acidic and alkaline media using a simple fabrication process.26–30

The electrophoretic deposition (EPD) technique is a well-

established industrial process that has been applied for fast

deposition of large scale films for applications in medicine, field

emitters and so on by using a stable suspension.31–34However, the

wettability on structured films prepared by EPD has not received

much attention so far.35–37 In the previous work, we had

successfully fabricated uniform superhydrophilic titanate nano-

tube films by combining tetrabutylammonium cation exchange

and the EPD process.35 The resultant highly hydrophobic films

with controllable water adhesion were achieved by self-assembly

of low-energy materials. Recently, Joung and Buie investigated

the wettability of the film by EPD with various suspension

stabilities.36 In their work, a superhydrophobic surface with

static contact angle (CA) exceeding 160� and low sliding angle

(SA) was constructed with EPD for one minute deposition.

In this work, we present a facile EPD of hydrogen-bond-driven

functionalized titanate nanobelts (TNBs) to form stable,

transparent and superhydrophobic films in one step. The opti-

mized coating shows not only an excellent superhydrophobicity
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) Schematic drawing of the synthesis and hydrogen-bond-

driven stabilization of titanate nanobelts. (b) Schematic illustration of the

electrophoretic deposition process to prepare a TNB/FAS film. (c and d)

SEM images of the as-prepared superhydrophobic TNB/FAS film

(2 min). The inset images show homogeneous and stable TNB/FAS

solution (c) and water droplet on the transparent TNB/FAS film on ITO

glass (d).
(CA z 160�) but also high transparency (�76% at 600 nm).

Moreover, the coating possesses good chemical stability and self-

cleaning performance. By adjusting the coating thickness,

adhesion of the highly hydrophobic surface can be tuned from

strong adhesion to weak adhesion (e.g. SA # 10�). After

annealing treatment of the TNB film at 500 �C, the surface

changed from superhydrophobic to superhydrophilic when the

TNB transforms into a porous TiO2(B) mixed structure. Such

a surface has shown rapid water spreading and is potentially

useful for anti-fogging applications.

Experimental section

Preparation of titanate nanobelt powder

The sodium TNB powders were prepared using a modified

hydrothermal method as described in previous reports.38–40 In

a typical synthesis, 0.5 g Degussa P25 TiO2 powder was

uniformly suspended in 75 mL NaOH solution (10 mol L�1). The

solution was then transferred into a 125 mL Teflon-lined

autoclave at 200 �C for 48 h. Subsequently, the as-prepared

sodium titanate powder was collected, washed and added to

a 0.1 mol L�1 HNO3 solution to obtain layered protonated

titanate. Finally, the titanate powder was separated by centri-

fugation and thoroughly washed with distilled water and ethanol

five times to completely remove the physically adsorbed ions

onto the outer surface of the powder.

Superhydrophobic hybrid titanate films by electrophoretic

deposition

Ethanol solution of 2.0 mg mL�1 TNB powder and methanolic

solution of hydrolyzed 1.0 wt% 1H,1H,2H,2H-perfluorooctyl-

triethoxysilane (CF3(CF2)5CH2CH2Si(OCH2CH3)3, FAS,

Degussa Co.) with a volume ratio of 4 : 1 were magnetically

stirred to obtain a stable opalescent solution by the creation of

intermolecular hydrogen interaction between the surface

hydroxyl groups and the silanol groups.41 Prior to the deposition,

the substrate, which is an indium tin oxide (ITO) coated glass,

was thoroughly cleaned by ultrasonic agitation with acetone,

ethanol, and DI water respectively. A 1.0 cm2 ITO glass substrate

was used as the anode during deposition. A Pt sheet (4.0 cm2) was

used as the counter (cathode) electrode. The working distance

between two electrodes was kept at 2.0 cm.

Characterization

Scanning electron microscopy (SEM) was performed on a JEOL

JSM-7600F field-emission scanning electron microscope.

Transmission electron microscopy (TEM) images were collected

on a JEOL JEM-2010 transmission electron microscope. X-Ray

photoelectron spectroscopy (XPS) was obtained by a VG

ESCALAB 250 spectrometer (Thermo Electron, U.K.) to detect

the chemical compositions of the coating surface. The binding

energies were normalized to the signal for adventitious carbon at

285.0 eV. The X-ray powder diffraction (XRD) analysis was

carried out by a Shimadzu 6000 X-ray diffractometer with a Cu

Ka source. The UV-vis transmittance spectrum was recorded on

a UV-1800 spectrophotometer (Shimadzu). The AFM image was

obtained by the Dimension 3100 (Veeco, USA) with a Si tip
This journal is ª The Royal Society of Chemistry 2012
(resonance frequency: 320 kHz; spring constant: 42 N m�1) in the

tapping mode under ambient conditions. Water contact angles

(CAs) were measured at ambient temperature using a FTA-

1000B contact angle goniometer (First Ten Angstrom, USA),

and the values reported were the average of five drops per sample

at different locations. The volumes of the droplets used for the

static CA and dynamic sliding angle (SA) measurement were 7

and 1 mL, respectively. The pH value of the water solution used

for the CA measurement was adjusted using HCl or NaOH.
Results and discussion

The principle for the preparation of homogeneous and stable

TNB/FAS solution is based on the combination of hydrothermal

particle formation and hydrogen-bond-driven surface modifica-

tion of the particle surface, as shown in Fig. 1a. First, water-

soluble hydrogen TNBs were obtained via a modified

hydrothermal treatment of commercially available Degussa

P25 TiO2 nanoparticles. To directly construct a uniform super-

hydrophobic TNB film by electrophoretic deposition, the TNB

particles have to be made hydrophobic and stable in a suspen-

sion. However, TNB is hydrophilic in nature, and does not form

a stable suspension under the as-synthesized conditions. There-

fore, a hydrogen-bond-driven technique was applied to self-

assemble low-energy groups of pre-hydrolyzed fluoroalkylsilanol

onto the hydroxylated surface of titanate nanobelts to fabricate

hydrophobic TNB/FAS powder under magnetic stirring (see

ESI, Fig. S1†). A model of the surface chemical group changes

during the self-assembly process of FAS on hydroxylated TNB

surface as shown in Fig. 2.

Homogeneous hybrid titanate nanobelts were successfully

deposited onto the ITO glass to form a uniform TNB/FAS film at

10 V for 2 min (Fig. 1b). FESEM analysis suggests that the as-

prepared film is composed of cross-stacked nanobelts parallel to

the substrate (Fig. 1c and d). However, the TNB solution without

the FAS treatment is not stable in ethanol solution and cannot be

successfully electrodeposited under identical conditions. This

indicates that the intermolecular interaction between the surface

hydroxyl groups (–Ti–OH) on titanate nanobelts and the fluo-

roalkylsilanol groups (–Si–OH) is important for the preparation

of stable solution (inset of Fig. 1c) and subsequently the
J. Mater. Chem., 2012, 22, 7420–7426 | 7421



Fig. 2 Schematic representation of the TNB surface by FAS monolayer

grafting to obtain stable TNB/FAS solution.
successful deposition of uniform TNB film with high quality.

The water drop formed a perfect spheric shape on the as-

prepared transparent TNB/FAS film on ITO substrate. It is

noteworthy, comparing the XPS chemical composition before

and after the FAS modification (Fig. 3), that the intensities of the

F1s and FKLL have increased greatly and those of the Ti2p and

O1s decreased to some extent after the FAS modification

(Fig. 3a). From the inset high-resolution spectra of C1s and F1s

(Fig. 3b), the peaks corresponding to –CF2 (at 291.8 eV), –CF3

(at 294.1 eV) and a strong fluorine peak (at 690.0 eV) are obvi-

ously observed after the FAS modification, suggesting that the

fluoroalkyl groups have been assembled onto the titanate

nanobelt surfaces.42
Fig. 3 Survey (a) and high resolution (b) XPS results of TNB/FAS

hybrid film: (1) TNB and (2) TNB/FAS spectra.
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FESEM analysis of the effect of deposition time on

morphologies indicates that the film structure is consistent with

an instantaneous two dimensional (2-D) growth mechanism

(Fig. 4). Initially, a layer of sparsely distributed TNB/FAS

nanobelts is deposited on the ITO surface (Fig. 4a and d).

Subsequently more TNB/FAS nanobelts are deposited onto the

surface, forming a layer of continuous compact film (Fig. 4b and

e). With longer deposition time, a 3-D densely cross-stacked

TNB film with rough surface morphology is formed (Fig. 4c and

f). The influence of anodic deposition time on the film

morphology is clearly demonstrated through the SEM, AFM

(inset of Fig. 4) and profilometric measurements (see ESI,

Fig. S2†). There is a general trend of increasing surface rough-

ness with increased deposition time.

The transmittance and wettability of the TNB/FAS hybrid

films were evaluated by UV-Vis and water contact angle

measurement. As shown in Fig. 5, with the increase in deposition

time of TNB/FAS on the conducting glass substrate, a gradual

decrease in transmittance was observed. However, the water CA

increased greatly to above 150�, which can be attributed to the

enhanced roughness and the pores generated by the cross-

stacking of TNB particles (see ESI, Fig. S3†). After 1 min

deposition, a highly hydrophobic film (CAz 152.3�, see the inset
of Fig. 4b) with a roughness about 12.5 nm exhibited a trans-

mittance of �76% at a wavelength of 600 nm (Fig. 5b). After

0.5 min deposition, the optical transmittance level was above

80% throughout most of the visible region of the spectrum

(Fig. 5a), but the CA dropped to 141.7�. The series of experi-

ments reveals the effect of film coverage and roughness on the

transmittance and wettability of the coatings. Based on the

results, we could purposely design transparent hydrophobic

coatings with the desired level of adhesion as it has been

demonstrated that the wettability could be optimized to achieve

special high hydrophobicity (CA $ 150�) with ultrahigh or

extremely low water SA (Fig. 6).

Fig. 7a–c shows the water droplet image on the strongly

adhered hydrophobic TNB/FAS surface (1 min deposition) with

different tilting angles. Even when the substrate is vertically

aligned or upside down, the water droplet can still firmly adhere

to the substrate. The strong adhesion is attributed to the sparse

distribution and mostly horizontal alignment of the TNB parti-

cles. This has resulted in the direct contact between the water
Fig. 4 SEM images of TNB/FAS hybrid films anodic electrodeposited

on ITO substrates at 10 V for 0.5 min (a and d), 1 min (b and e), and 5min

(c and f). Insets in (a)–(c) are the corresponding water drop images. Insets

in (d)–(f) are the corresponding AFM images.

This journal is ª The Royal Society of Chemistry 2012



Fig. 5 (a) The effect of deposition time on transmittance. (b) Trans-

mittance (squares) at 600 nm and roughness (circles) versus deposition

time of TNB/FAS hybrid films.

Fig. 6 The effect of deposition time on the contact angles and sliding

angles.

Fig. 7 Optical images of a water droplet of 7 mL on surfaces of

TNB/FAS hybrid films electrodeposited for 1 min with different titling

angles: (a) 0�, (b) 90� and (c) 180�. The rolling process (d–f) of a 1 mL

water droplet on the surface of TNB/FAS (5 min) which was tilted by�3�

after (d) 0.02 s; (e) 0.04 s; and (f) 0.08 s dropping on to the surface.
droplet and the partially uncovered hydrophilic substrate, which

leads to a typical ‘‘sticky’’ hydrophobic state with a high adhe-

sion (a special case of Wenzel’s state).43,44 Such a situation is

similar to that of the desert beetle whose back has a combination

of micro/nanoscale surface roughness and blends with hydro-

philic and hydrophobic areas.45–49 With increased deposition

time (2 min), the CA on such a superhydrophobic surface

increases to �156.2� while the dynamic SA drops greatly to

approximate 8.6� (Fig. 6). Fig. 7d–f shows another case of

superhydrophobic TNB/FAS film by 5 min deposition with low

adhesion (see ESI, Video S1†). The water droplets rolled away

easily under slight mechanical disturbance (shaking and titling).

The dynamic SA of water droplets on such a film with a static CA

of 161.3� was lower than 3�. Such a low SA indicates low

adhesion between the water droplets and the coating (Cassie’s

superhydrophobic state).44,50

The CAs of the coatings have not obviously decreased and

were maintained at more than 150� even after being soaked in

water solution or exposed in ambience for one month. Addi-

tionally, the CAs of water droplets with a pH value from 0 to
This journal is ª The Royal Society of Chemistry 2012
14 were measured on the superhydrophobic coating (see Fig. S4

in the ESI†). It shows that the CA remains almost unchanged in

such a wide range of pH values from 0 to 14. Such observation

indicates that the superhydrophobic TNB/FAS coating had

good chemical stability. This is because of the chemically inert

nature of the FAS coating which has strong –CF3 terminal

groups. The air trapped in the pores of the surface layer further

reduces the direct contact between the liquid and solid, rendering

TNB/FAS coatings with good stability.50,51 An exception to the

stable TNB/FAS films occurred in the basic solution of pH 14

for an extended soaking time of about ten minutes, which is due

to the cleavage of the Si–O bonds in the FAS monolayer by the

strong alkaline solution and the resultant exposure of the

uncovered substrate.41

The self-cleaning performance of the transparent and highly

superhydrophobic surface (Fig. 8a and Video S2†) was

demonstrated with yellow nitrogen-doped titanate powder as

a model dust/contaminant. The self-cleaning process is shown in

Fig. 8b. A sparse layer of contaminant powder was sprinkled on

the surface and then a water droplet was placed on the

contaminated surface. During the sliding process (Fig. 8b), the

contaminant powder was immediately picked up and carried

away by the water droplet, leaving behind a clear surface. It was

observed that the water droplet maintained a spherical shape

even after it has taken up the contaminant. This observation

confirms that the high water surface tension and low surface

energy of TNB/FAS coating played an important role in

adsorbing contaminants, and one small water droplet could

clean up a large amount of contaminants until its surface is fully

saturated.

Lastly, we demonstrate how to convert the as-deposited

superhydrophobic TNB/FAS coatings to superhydrophilic ones.

Taking a 2 min coated TNB/FAS sample as an example; after

a short thermal treatment at 500 �C, the water droplet completely

spread and permeated into the coating within 0.24 s, suggesting
J. Mater. Chem., 2012, 22, 7420–7426 | 7423



Fig. 8 (a) Image of water droplets slightly dropped on a conducting

substrate covered with a TNB film deposited for 5 min. (b) Time sequence

of the self-cleaning process on the superhydrophobic coating with low

water adhesion. (c) Water droplet on the superhydrophilic TiO2(B) film.

(d) Photograph of an ITO substrate deposited with superhydrophilic

coatings (bottom) and a control ITO substrate without any coating

deposition (upper) taken from a refrigerator (�4 �C) to the humid

laboratory air (ca. 50% RH).

Fig. 9 TEM images of the titanate nanobelts before (a and b) and after

annealing (c and d). The mesopores in (d) were noted by white circles.

Fig. 10 XRD of the TNB/FAS hybrid powder before and after 500 �C
annealing. H stands for hydrogen titanate, B for TiO2(B) and A for

anatase TiO2.
that the coating has become superhydrophilic (Fig. 8c). After the

heat treatment, the FAS monolayer has been completely

decomposed, and at the same time, the TNB was found to have

transformed into the TiO2(B) crystal structure while maintaining

the nanobelts morphology with nanopores. The pores were

obviously formed due to the loss of water in hydrogen titan-

tate.52–54 Previous studies predicted and verified that super-

hydrophilic coatings can be obtained by increasing the surface

roughness of a hydrophilic coating.12–15 We believe that the

addition of the nanopores to the micro-stacked morphology is

a key factor for the transition to superhydrophilic in the current

work too. The HRTEM images (Fig. 9) confirm that the

morphology of the dense titanate nanobelts has changed to the

porous TiO2(B) and anatase TiO2 nanobelts after the heat

treatment. The lattice spacing distance between the planes

parallel to the longitudinal nanobelt direction is measured to be

0.78 nm, which agrees with the (200) d-space of layered

hydrogen titanate. After annealing, a smaller (001) interplanar

spacing (0.63 nm) is in good agreement with the d-space of the

(001) TiO2(B) planes. Fig. 10 shows XRD patterns of the tita-

nate powders before and after the 500 �C annealing. Peaks

marked ‘‘H’’, ‘‘B’’ and ‘‘A’’ correspond to hydrogen titanate,

TiO2(B) and anatase TiO2 phase respectively. The main struc-

ture of the as-prepared hydrogen titanate is similar to that of

a layered trititanate (H2Ti3O7, JCPDS 41-0192). Many narrow

diffraction peaks indexed to TiO2(B) (JCPDS 46-1237) and

some other diffraction peaks indexed to anatase TiO2 (JCPDS

21-1272) can be clearly identified. The cross-stacked nanobelts

and the high porosity inside the TiO2(B) nanobelts greatly

increase the actual surface area and thus the surface roughness

of the coating. The rough and porous cross-stacking structures

provide plentiful capillary percolation channels to water

permeation through the hydrophilic TiO2(B) coatings, resulting

in the superhydrophilic performance of the film with rapid
7424 | J. Mater. Chem., 2012, 22, 7420–7426
water spreading in several hundreds of milliseconds (see ESI,

Fig. S5†). Moreover, the superhydrophilic TiO2(B) film

becomes superhydrophobic by the same FAS modification used

for TNB. This indicates that the TiO2(B) films can be reversibly

controlled from superhydrophobicity to superhydrophilicity by

the simple FAS modification and thermal treatment, respec-

tively. The antifogging performance of the cross-stacked

superhydrophilic TiO2(B)/anatase composite coatings was

demonstrated by exposing it to humid laboratory air (ca. 50%

RH) after storage at �4 �C in a refrigerator. As shown in

Fig. 8d, the bare quartz slide (upper) fogged immediately and

the words below are blurred by strong light scattering. In

contrast, the slide coated with the TiO2(B) composite films

(bottom) can significantly prevent fogging formation by almost

instantaneously spreading the condensed water droplets to form

a thin water membrane. Therefore, the slide with the TiO2(B)

coated glass remains highly transparent and the words below

are clearly seen.
This journal is ª The Royal Society of Chemistry 2012



Conclusions

In summary, we report an electrophoretic deposition method

to form homogeneous and stable TiO2-based nanobelt thin

films. The cross-stacked TNB films, self-assembled with

a monolayer of FAS organic molecules, have demonstrated

superhydrophobicity, good transparency, and excellent chemical

stability in a wide range of pH solutions. By adjusting the

deposition time, the superhydrophobic coatings can be made

‘‘sticky’’ and ‘‘non-sticky’’ for the water droplet on the surface,

from which various potential applications can be derived (e.g.

self-cleaning). Upon heat treatment, the superhydrophobic

surface can be turned into superhydrophilic, with the trans-

formation of the hydrogen titanate to porous TiO2(B) and

anatase TiO2. Therefore in this TiO2-based material system, we

have demonstrated realization of three very different wetting

states, viz. highly hydrophobic with strong adhesion, super-

hydrophobic with weak adhesion, and superhydrophilic with

rapid water spreading. We can envisage their application to

a wide range of applications such as micro-droplet trans-

portation, self-cleaning, anti-fogging, ultra-fast spreading

for biomolecules analysis, ultra-fast absorption in printing and

so on.
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