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Abstract
We have recently fabricated super-hydrophobic membrane surfaces based on
the inspiration of self-cleaning silver ragwort leaves. This biomimetic
super-hydrophobic surface was composed of fluoroalkylsilane
(FAS)-modified layer-by-layer (LBL) structured film-coated electrospun
nanofibrous membranes. The rough fibre surface caused by the electrostatic
LBL coating of TiO2 nanoparticles and poly(acrylic acid) (PAA) was used to
imitate the rough surface of nanosized grooves along the silver ragwort leaf
fibre axis. The results showed that the FAS modification was the key process
for increasing the surface hydrophobicity of the fibrous membranes.
Additionally, the dependence of the hydrophobicity of the membrane
surfaces upon the number of LBL coating bilayers was affected by the
membrane surface roughness. Moreover, x-ray photoelectron spectroscopy
(XPS) results further indicated that the surface of LBL film-coated fibres
absorbed more fluoro groups than the fibre surface without the LBL coating.
A (TiO2/PAA)10 film-coated cellulose acetate nanofibrous membrane with
FAS surface modification showed the highest water contact angle of 162◦ and
lowest water-roll angle of 2◦.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The hydrophobicity of a solid surface is a very important
property for various commercial applications; it is governed
by both the surface chemical composition and the geometrical
structure of solid surfaces [1]. Currently, a super-hydrophobic
surface with a water contact angle (WCA) larger than 150◦
is needed for many applications involving water repellency,
contamination prevention, self-cleaning, and antifouling
properties [2–5]. The water–solid contact angle varies with
the surface chemistry and roughness of the solid surface.
Chemically, the hydrophobicity of a flat solid surface is
governed by the free energy of the surface material, and the
known lowest free energy material is a fluorinated surface. The
WCA on such a flat surface is no more than 120◦. However,
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the WCA on lotus leaves can reach as high as 160◦ or above,
and a water droplet can freely roll off these surfaces without
leaving any trace of beads [6]. It is widely accepted that
this super-hydrophobicity results from the particularly rough
microstructure of the surface. Two assumptions, the Wenzel [7]
and Cassie models [8], have been put forward to explain the
impact of surface roughness on the hydrophobicity. A number
of groups have demonstrated techniques for the fabrication
of artificial super-hydrophobic surfaces with increased surface
roughness such as lithography-based etching [9], deposition
techniques [10], and template-based extrusion [2, 11].

Recently, electrospinning has become regarded as an
efficient and simple method for producing polymer nanofibrous
membranes with high surface-to-volume ratio and high surface
roughness [12–14]. This technique involves applying a high
electric field to a polymer solution to produce ultrathin fibres
with diameters in the range of 30–2000 nm. The nanofibrous
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Figure 1. SEM images of (A) a silver ragwort leaf, (B) cellulose
acetate fibrous membranes, and (C) FAS-modified cellulose acetate
fibrous membranes.

membranes can be used for a broad range of applications, such
as dye-sensitized solar cells [15], filtration [16, 17], composite
materials [18, 19], tissue engineering [20, 21], and sensor
systems [22, 23].

On the other hand, Jiang et al [24] and Acatay et al [25]
reported the mimicry of the topography of the lotus leaves
and achieved a super-hydrophobic surface by electrospinning
a dilute hydrophobic polystyrene (PS) solution. It could be
said that the super-hydrophobicity of this fibrous PS membrane
was attributable to the microsized particles of the polymer
embedded within the fibrous matrix. Additionally, inspired
by self-cleaning silver ragwort leaves, Miyauchi et al [26]
fabricated a biomimetic super-hydrophobic surface comprising
micro/nanoporous PS microfibres via electrospinning. A
scanning electron microscope image of a silver ragwort leaf is
shown in figure 1(A). It is reported that the high hydrophobicity
(WCA of 147◦) of the leaf is attributed to its hierarchical
micro/nanostructure on the fibre surface.

Scheme 1. Schematic diagram illustrating the preparation of
super-hydrophobic surfaces via LBL coating and FAS surface
modification.

Figure 2. Water droplet placed on (A) cellulose acetate fibrous
membranes and (B) FAS-modified cellulose acetate fibrous
membranes.

In this study, we want to mimic the topography of
silver ragwort leaves with FAS-modified LBL structured
film-coated electrospun nanofibrous membranes. The
micro/nanostructure of the silver ragwort leaf was imitated by
forming a rough surface on smooth cellulose acetate nanofibres
using an electrostatic LBL self-assembly technique [27–30].
Additionally, the dependence of the hydrophobicity of the
prepared surfaces upon the number of deposition bilayers was
investigated with various membrane surface morphologies.
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Figure 3. SEM images of cellulose acetate fibrous membranes deposited with various bilayers of TiO2/PAA. (A) 5, (B) 10, (C) 20, and
(D) 30 bilayers.

2. Experimental details

Cellulose acetate with a degree of substitution of 2.45 (Mn

40 000, Teijin Co., Ltd), N ,N -dimethylacetamide (DMAc),
hexane and acetone (Junsei Chemical Co., Ltd), poly(acrylic
acid) (PAA) (Mw 90 000, Polysciences Co., Ltd) aqueous
solution of 25 wt%, TiO2 (anatase) colloid solution of
30 wt% with a pH of 1.5 (Ishihara Co., Ltd, Japan),
and fluoroalkylsilane (FAS, CF3(CF2)7(CH2)2Si(OCH3)3, GE
Toshiba Silicone Co., Ltd.) were used as received. The
diameter of TiO2 particles was 7 nm. Pure water with a
resistance of 18.2 M� was used as the solvent for LBL
deposition.

First, the cellulose acetate nanofibrous membranes were
fabricated by electrospinning a 10 wt% cellulose acetate
solution; they were prepared from acetone and DMAc with
an acetone/DMAc weight ratio of 2:1. The distance from the
tip of the pipette to the collector was 15 cm, and the applied
voltage was kept at 20 kV. The relative humidity and ambient
temperature was 65% and 25 ◦C, respectively. The details
concerning the preparation of cellulose acetate nanofibrous
membranes and the electrospinning process have already been
reported [31]. The electrospun cellulose acetate nanofibres are
insoluble in water but they carry a negative charge from the
partial hydrolysis of surface ester groups. The zeta potential
of cellulose acetate had a negative value in the pH range
2–10 [27, 32].

Second, the LBL structured films were assembled on the
cellulose acetate nanofibre surface by alternating adsorption of
positively charged TiO2 nanoparticles and negatively charged
PAA. The TiO2 colloid solution, having a positively charged
–TiOH+

2 surface [33], was diluted into 0.1 wt% with a pH
of 2.5. The concentration of the PAA solution tested was set
as 10−2 M (based on the repeat unit molecular weight) and
its pH value was adjusted to be 2.5. The LBL films were
formed by immersing cellulose acetate nanofibrous membranes

into the cationic TiO2 colloid solution for 15 min; this was
followed by 1.5 min of rinsing in three pure water baths.
The membranes then were immersed into the anionic PAA
solution for 15 min, followed by identical rinsing steps. The
adsorption and rinsing steps were repeated until 5, 10, 20, and
30 bilayers of TiO2/PAA films were obtained. The detailed
process for preparation of LBL structured TiO2/PAA films
appeared in our previous work [27]. The LBL film-coated
fibrous membranes were dried for 24 h at 80 ◦C under vacuum
to remove the solvent. Here, five bilayers of LBL films is
denoted as (TiO2/PAA)5.

Finally, the FAS solution was prepared by dispersion of
FAS in hexane at an FAS concentration of 3 wt% under stirring
for 12 h at 25 ◦C. The dried TiO2/PAA film-coated nanofibrous
membranes were immersed into FAS solution for 6 h at room
temperature. After that, the samples were dried in air and
heated at 80 ◦C for 1 h in an oven. The concept for fabrication
of super-hydrophobic fibre surfaces is shown in scheme 1.

The morphologies of the uncoated and the film-coated
samples were examined by scanning electron microscopy
(SEM: S-4700, Hitachi Ltd, Japan). The diameters of the fibres
were measured by using an image analyser (Adobe Photoshop
7.0). The water contact and water-roll angles of resultant
samples were measured with a contact angle meter (FACE,
Kyowa Interface Science Co., Ltd). Measurements from at
least five droplets of 12 mg freshly distilled pure water were
averaged. Atomic force microscopy (AFM) images were taken
with the scan sizes of 10×10 and 1×1 μm by using the tapping
mode of AFM (Nanoscope IIIa, Digital Instruments). The
surface elemental composition of samples was identified by
x-ray photoelectron spectroscopy (XPS: JEOL JPS-9000MX).

3. Results and discussion

Silver ragwort leaves have a self-cleaning ability due to their
high hydrophobicity (WCA of 147◦) [26, 34], which moves
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Figure 4. AFM top-view images (10 μm × 10 μm) and cross-section profiles along the marked directions of FAS-modified LBL film-coated
cellulose acetate fibrous membranes with various bilayers of TiO2/PAA. (A) 0, (B) 5, (C) 10, (D) 20, and (E) 30 bilayers.

dust particles and contaminants by rain drops. The leaf surface
is composed of many curved fibres (figure 1(A)) with an
average fibre diameter of 6.3 μm. The secondary structures,
numerous grooves with diameters around 200 nm along the
fibre axis, were attributed to the high hydrophobicity of leaves.

The morphology of electrospun cellulose acetate fibrous
membranes is shown in figure 1(B). The cellulose acetate
fibres, having widely distributed fibre diameters, were
randomly oriented as a porous membrane. Additionally,
the fibres showed a smooth fibre surface and they have an
average fibre diameter of 353 nm. A water droplet placed on
such fibrous membranes is shown in figure 2(A). The water
droplet was immediately absorbed by this fibrous membrane.
Cellulose acetate is a hydrophilic material because of its

hydrophilic hydroxyl groups. The number of hydroxyl groups
on the film surface was largely increased on increasing the film
surface area. Therefore, the hydrophilicity of cellulose acetate
could be reinforced after its existing state changed from a flat
film to fibrous membranes [35].

After the FAS modification, the cellulose acetate
still maintained the fibre shape and smooth fibre surface
(figure 1(C)). Its average fibre diameter was calculated to
be 365 nm. Figure 2(B) shows a water droplet placed on
FAS-modified cellulose acetate fibrous membranes. It can be
found that a high surface hydrophobicity (WCA of 138◦) of
fibrous membranes was obtained after the FAS modification.
The FAS modification was proved to be effective to increase
the membrane hydrophobicity. FAS is a well-known low-
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Figure 5. AFM top-view images (1 μm × 1 μm) and cross-section profiles along the marked single fibres of FAS-modified LBL film-coated
samples with various bilayers of TiO2/PAA. (A) 0, (B) 5, and (C) 10 bilayers.

surface-energy material due to its CF groups. However,
the hydrophobicity of the FAS-modified cellulose acetate
fibrous membranes still did not show super-hydrophobicity or
overcome the hydrophobicity of silver ragwort leaves.

Figure 3 presents the SEM images of FAS-modified LBL
film-coated cellulose acetate fibrous membranes with various
bilayers of TiO2/PAA. After the deposition of TiO2/PAA
films on the fibres, the fibre shape was maintained with five
and ten bilayers deposited on the fibres (figures 3(A) and (B)).
The average diameters of fibres with five- and ten-bilayer
deposition were 488 and 642 nm, respectively, which was
larger than that (352 nm) of the uncoated cellulose acetate
fibres due to the additional coating of TiO2/PAA films. It
can be observed that the average fibre diameter was increased
with increasing deposition bilayers. The average thickness of
the TiO2/PAA films, deduced from the average diameter of
TiO2/PAA film-coated fibres, was 68 and 145 nm with five-
and ten-bilayer deposition. Furthermore, the average thickness
of each TiO2/PAA bilayer can be estimated to be 14 nm. As
can be seen from the higher-magnification SEM images in the
insets in figures 3(A) and (B), the coating appeared to have
covered the fibre completely. Grainlike TiO2 particles (called
the secondary structure of fibres) were formed on the fibre
surface and in the region among adjacent fibres. The size of
the grainlike TiO2 particles was much larger than that of the
original TiO2 nanoparticles (7 nm), possibly ascribable to the
aggregation of TiO2 nanoparticles in the colloid solution [27].

The (TiO2/PAA)20 and (TiO2/PAA)30 film-coated fibres
(figures 3(C) and (D)) did not maintain the fibre shape. The
TiO2/PAA films formed not only on the surface of fibres,
but also in the region among adjacent fibres. The cellulose
acetate fibres were embedded in TiO2/PAA films. It was
considered that the reason was the limited space among the
adjacent fibres and the 3D growth of TiO2/PAA films along
the cellulose acetate fibres [28]. The fibrous membranes
coated with (TiO2/PAA)30 films showed almost a flat film
morphology.

AFM top-view images (10 × 10 μm) and cross-section
profiles along the marked directions of FAS-modified LBL
film-coated cellulose acetate fibrous membranes with various
bilayers of TiO2/PAA are shown in figure 4. The electrospun
fibrous membranes showed high surface roughness due to
the random deposition of the fibres on the collector. As is
seen in figure 4(A), the FAS-modified cellulose acetate fibrous
membranes without the coating of LBL films presented a high
surface roughness, with root-mean-square (RMS) roughness of
392 nm. After coating with (TiO2/PAA)5 and (TiO2/PAA)10

films, the fibrous membranes (figures 4(B) and (C)) showed an
RMS roughness of 281 and 353 nm, respectively.

Additionally, compared with the smooth surface of the
sample without LBL coating, the LBL film-coated samples
showed a relatively high surface roughness on each fibre.
Further investigation on single fibre roughness by AFM is
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Figure 6. (A) Water contact angles and corresponding shapes of
water droplets for the FAS-modified cellulose acetate fibrous
membranes deposited with various bilayers of TiO2/PAA.
(B) Water-roll angles for the cellulose acetate fibrous membranes
deposited with various bilayers of TiO2/PAA.

indicated in figure 5 with a narrow AFM scan range (1 ×
1 μm). The single fibre without LBL coating (figure 5(A))
has a lower RMS roughness of 88 nm. The calculated RMS
roughness of the single fibres coated with five (figure 5(B))
and ten (figure 5(C)) bilayers of TiO2/PAA was 149 and
217 nm, respectively. After the LBL coating, the single
fibre roughness increased due to the formation of a secondary
structure of fibres with TiO2 nanoparticles. This is identical
to the SEM images shown in figures 1(C), 3(A), and (B).
The same phenomenon was reported elsewhere [29, 35].
The (TiO2/PAA)20 film-coated sample (figure 4(D)) showing
the morphology of flat films with pores presented an RMS
roughness of 244 nm. In figure 4(E), the sample coated with
(TiO2/PAA)30 films showed a flat film morphology with the
lowest RMS roughness of all the samples, 235 nm. It is
well known that the surface morphology and roughness of
the fibrous membranes play an important role in affecting the
surface hydrophobicity [35]. Due to the LBL coating and the
surface mesh size of the fibrous membranes, the diameter and
the structure morphology/roughness of single fibres have all
changed. The changes of surface morphology and roughness of
the fibrous membranes could be regarded as the comprehensive
effects of such changes.

Figure 7. XPS data taken from the fibrous membranes of
(A) cellulose acetate and (B) FAS-modified cellulose acetate.

Figure 6(A) shows the WCAs of FAS-modified cellulose
acetate fibrous membranes deposited with various bilayers
of TiO2/PAA. The samples with five and ten bilayers
of TiO2/PAA showed super-hydrophobicity with WCAs
of 154◦ and 162◦, respectively. However, the samples
coated with 20 and 30 bilayers of TiO2/PAA did not show
the super-hydrophobic surface property. Additionally, the
hydrophobicity of LBL film-coated samples was found to
increase concurrently with the increase of the surface RMS
roughness. The variation of the water-roll angles of FAS-
modified cellulose acetate coated with various bilayers of LBL
films is shown in figure 6(B). The water-roll angle was found
to decrease concurrently with the increase of the surface RMS
roughness. The FAS-modified (TiO2/PAA)10-coated cellulose
acetate fibrous membrane showed the lowest water-roll angle
of 2◦. However, the FAS-modified cellulose acetate fibrous
membrane showed a lower hydrophobicity (WCA of 138◦)
than that (WCA of 154◦) of the FAS-modified (TiO2/PAA)5-
coated cellulose acetate membrane, although it has a higher
surface RMS roughness (392 nm) than that (281 nm) of the
LBL film-coated sample. The reason will be given in the
following XPS data analysis.

XPS scans were used to verify the surface compositions
of various resultant samples. Figure 7 shows the XPS data
of pure cellulose acetate fibrous membranes and FAS-coated
samples. As is seen in figure 7(A), the surface layer of pure
cellulose acetate membrane exhibited an oxygen:carbon ratio
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Figure 8. XPS data taken from the fibrous membranes of (A) (TiO2/PAA)10 film-coated cellulose acetate and FAS-modified samples with
various TiO2/PAA bilayers: (B) 5, (C) 10, (D) 20, and (E) 30.

of 1:0.65. After the FAS modification, new fluoro peaks
in the 600–700 eV region were found in the XPS spectra
(figure 7(B)). Moreover, the surface layer of the FAS-modified
cellulose acetate membrane showed a fluoro:oxygen:carbon
ratio of 0.48:1:0.66.

The XPS data of the (TiO2/PAA)10 film-coated sample
is shown in figure 8(A). Besides the observation of oxygen
and carbon elements, the element Ti was also detected. The
sample has an oxygen:carbon:titanium ratio of 1:0.57:0.5.
The XPS data of FAS-modified samples with various bilayers
of TiO2/PAA are shown in figures 8(B)–(E). The new
fluoro peaks appeared in the XPS spectra of all LBL film-
coated cellulose acetate membranes after FAS modification.

Additionally, the samples with 5, 10, 20, and 30 coating
bilayers were found to have the fluoro:oxygen:carbon ratios
of 1.80:1:1.06, 1.70:1:0.82, 2.22:1:1.13, and 1.82:1:1.07,
respectively, on the membrane surface layer. It can be observed
that the samples with LBL film coating have fluoro:oxygen
ratios approximately three or four times larger than that of
the sample without the LBL film coating. As a result, the
rough LBL films coated on fibres were effective at absorbing
more fluoro groups than the fibres alone. This result can
be used to explain why the FAS-modified (TiO2/PAA)5 film-
coated sample showed a higher hydrophobicity (WCA of 154◦)
than that (WCA of 138◦) of the FAS-modified sample without
the LBL coating films, although the sample with LBL films
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showed a little lower surface RMS roughness than that of
sample without LBL films. Moreover, it can be found that the
FAS-modified LBL film-coated samples with various coating
bilayers showed similar atomic ratios of fluoro:oxygen:carbon.
Considering the AFM images in figure 4 and the surface
hydrophobicity in figure 6, it can be concluded that the surface
roughness of fibrous membranes would be the key parameter
to influence the surface hydrophobicity when the membrane
surfaces have similar chemical compositions.

4. Conclusion

In summary, we successfully fabricated biomimetic super-
hydrophobic surfaces with the electrostatic deposition of
a rough LBL coating on electrospun super-hydrophilic
nanofibrous membranes. FAS was proved to be the
key material for changing the membrane surface property
from super-hydrophilic to hydrophobic, and even to super-
hydrophobic. The hydrophobicity of FAS-modified LBL film-
coated fibres was found to increase concurrently with the
increase of membrane surface roughness. The fibres coated
with ten bilayers of LBL films showed the highest WCA of
162◦ and lowest water-roll angle of 2◦. Additionally, the
coating of LBL films was found to be effective in absorbing
more fluoro groups than the fibres alone.
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