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Abstract

The development of materials with hydrophobic properties has been widely explored in areas such as textiles, health-

care, sports, and personal protective equipment. Hydrophobic properties that arise from nanoparticles (nPs) directly

promote other valuable properties, including self-cleaning capabilities, decreased bacterial growth, and increased com-

fort. In this study, biodegradable poly(e-caprolactone) (PCL) nanofibers were functionalized by the incorporation of

titanium dioxide (TiO2) nPs to develop water-repellent materials. The membranes were produced through electro-

spinning, and variables such as the polymer concentration, nP concentration, and needle diameter were optimized to

achieve PCL/TiO2 composite fibers with water-repellent capabilities. The nanofibers were characterized by Fourier

transform infrared spectroscopy, differential scanning calorimetry, thermogravimetric analysis, atomic force microscopy,

scanning electron microscopy, transmission electron microscopy, and the water contact angle (WCA). In general, it was

observed that the nanofibers presented higher roughness values when TiO2 nPs were present and that this result

promoted higher WCA values. The highest WCA value (156�) was obtained for the nanofiber mat produced with 20%

weight-to-volume (w/v) PCL and 0.6% (w/v) TiO2.
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Wettability behavior plays a key role in a material’s

purposes and applications. This property is frequently

determined by the contact angle (CA)—specifically the

water contact angle (WCA)—measurement of a liquid

droplet sitting on the surface of a material in a study.

According to the values of the WCA, we can refer to a

material as hydrophilic if it is between 0� and 90� or

hydrophobic if it is between 90� and 180�. Inspired by

nature, notable efforts have been made to establish

materials capable of mimicking superhydrophobic

behavior, as observed on a lotus leaf or rose petal.1

Superhydrophobic materials repel water droplets by

rolling them off and have WCA values higher than

150�.2–4

Eventually, particles caught by water droplets, such

as dust or pollution, are also washed off surfaces in

self-cleaning behaviors.1 According to several authors,

this interaction of liquids with surfaces can be

described as a function of physical and chemical

aspects, namely microtopography and surface chemis-
try.5,6 A model to clarify this relationship in rough
surfaces was developed by Robert N Wenzel in 1936.7

Later, the efforts of Cassie and Baxter8 resulted in a
mathematical model for this behavior that could be
applied to heterogeneous material surfaces, such as tex-
tiles or non-woven fabrics.

The development of materials and technologies with
this superhydrophobic ability has been widely explored
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given the high potential value for a wide variety of
products, such as anti-biofouling paints for boats, anti-
stick coatings to repel snow on antennas and windows,
self-cleaning windshields for automobiles, stain-
resistant textiles, anti-soiling coatings, and oil/water
separation.4 In particular, self-cleaning is one of the
most convenient features of superhydrophobic surfa-
ces, so it is a current hot topic in areas such as product
development.9,10 In this particular case, when the con-
tamination is sufficiently thick and the particle size of
contaminants exceeds the pore size of the surface, the
superhydrophobicity of the surface will be able to
remove those contaminants by rinsing with water
drops.9 However, there are only a limited number of
studies that look in detail at how this property works.

In recent years, various techniques have been stud-
ied to produce surfaces that mimic this natural super-
hydrophobic effect. Notable among these are
technological processes like the layer-by-layer
approach to increasing surface roughness and electro-
spinning.4 Electrospinning plays a major role in all
such approaches due to its simplicity and versatility,
which allows the production of membranes composed
of fibers with different diameters, distinct composi-
tions, and additives. This technology also allows for
the manipulation of the properties, such as roughness,
of the membranes that are produced. In addition to the
purposes referred to, electrospinning is a promising and
highly applicable technology in other fields, ranging
from drug delivery11 to air filtration,12 and even to sen-
sitive detection techniques,13 as seen in the exponential
growth in the number of scientific publications related
to the electrospinning technique.14

Poly(e-caprolactone) (PCL) is a polymer composed
of hydrophilic (-COOH, -OH) and hydrophobic
(-[CH2]5) molecular groups. PCL is frequently used in
the polymeric solution due to its biocompatibility, slow
biodegradation, and good mechanical properties when
produced by the electrospinning technique, which
result in advanced materials capable of performing in
a broad spectrum of applications.14 According to
Wang et al.,5 when a thin film of PCL is under its
phase transition temperature with a WCA of around
87� at 25�C, it will behave in a hydrophobic manner
due to hydrophobic groups on its surface. However,
once the temperature is increased to 60�C, PCL can
undergo molecular reorientation, and even the presence
of water can stimulate this reorientation, resulting in
hydrophilic groups that face the surface, which
decreases the WCA to the value of 59�.

In the present work, we aim to determine the wetta-
bility for electrospun nanofibers produced from a PCL
polymer combined with titanium oxide (TiO2) nano-
particles (nPs) to develop superhydrophobic structures.
The use of TiO2 in textiles has been a focus for

numerous research groups over the last decade,
namely for ultraviolet (UV) protective, antibacterial,
or even self-cleaning purposes.15 TiO2 nPs have three
most common structures—the anatase, rutile, or
brookite forms.15 In the case of anatase TiO2, thin
films behave in a hydrophobic manner, although their
wettability can be modulated as described by Zheng
et al.16 In addition to this property, Bajsi�c et al.17

describe the biocompatibility and thermal stability
after UV irradiation of PCL electrospun nanofibers
functionalized with TiO2 nPs, thus demonstrating the
characteristic photocatalytic activity of TiO2 and its
influence on PCL degradation under UV light.

However, despite many studies showing the effec-
tiveness of the combination of electrospinning-
produced PCL nanofibers and TiO2 nPs for tracing
pollutants, photocatalysis, and antibacterial ability,18

wettability behavior is still largely overlooked in the
literature. Most of the studies developed in this
domain make use of coatings to grant superhydropho-
bic behavior to the material’s surface. There are a few
works being developed that apply the electrospinning
technique—for example, those developed by Yin
et al.18 In this study, the authors developed membranes
that repel water and oil. To produce the polymer
matrix, the electrospinning technique was applied,
and then the surface was coated with nPs with a spray-
ing method. The results of this study are very promis-
ing; however, they still require a two-step production
process to obtain water-repellent samples. In the pre-
sent work, we describe and discuss a novel and inno-
vative approach that takes advantage of the synergistic
effect of combining TiO2 nPs and electrospinning tech-
nology to produce superhydrophobic mats of nanofib-
ers in one single step.

Materials and methods

Materials

PCL pellets ([C6H10O2]n, average Mw 80.000 g/mol)
obtained from Sigma-Aldrich were used as a polymer
matrix. Titanium dioxide nPs in anatase conformation
(TiO2, average particle size 10–30 nm, 99.5% purity)
were supplied by SkySpring Nanomaterials, Inc.
(Houston, TX 77082, USA). The solvents chloroform
and N,N-dimethylformamide (DMF) were obtained
from Fisher Scientific (USA).

Preparation of PCL and PCL/TiO2 fibers by
electrospinning

The polymer solution concentration ranged from 15%
to 20% (w/v) in chloroform:DMF (8:2 v/v) and was
prepared by the dissolution of PCL in chloroform for
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3 hours at 30�C with constant stirring. At this point,

the dynamic viscosity of the solutions was measured

with a Myr Rotary Viscometer Serie VR 3000

(VISCOTECH HISPANIA S.L.).
DMF was added due to its polyelectrolytic behavior,

which allows for better electrical conductivity, dielec-

tric constant, surface tension, and viscosity. The boiling

point of DMF (153�C) is higher than that of chloro-

form (61.6�C), which decreases the rate of evaporation

while producing nanofibers with electrospinning,

allowing us to increase the distance between the collec-

tor and the needle. These factors promote better results

in fiber morphology and decrease fiber diameter.19 For

the TiO2 nP content, assays were performed using con-

centrations of 0.5%, 0.6%, and 0.7% (w/v). After

being completely resuspended in DMF and subjected

to sonication for 1 hour at 39 kHz, the nP solution was

added to the polymer solution under constant stirring

until complete homogenization occurred at 60%� 5

RH (relative humidity) and 20�C� 2.
PCL and PCL/TiO2 webs were produced by fiber

deposition using the electrospinning technique. This

process was performed using MECC Co., Ltd

(NF-103, origin Japan) equipment. The polymeric solu-

tion was loaded into a syringe with a metal needle, and

the fibers were collected in a metallic planar collector

whose dimensions were 25 cm length by 15 cm width.

Different needle diameters were tested: 0.25, 0.33, 0.41,

and 0.61mm. Regarding experimental conditions, all

electrospinning procedures were performed using an

applied voltage of 25 kV, a feed rate equal to 2mL/h,

and a tip-to-collector distance of 24 cm. The electro-

spinning process was realized at 60%� 5 RH and

20�C� 2. These fixed parameters were defined by pre-

vious studies developed by the group with a focus on

the production of fibers with an optimized morphology

and low fiber diameter.20,21

In this study, the three aforementioned parameters

(polymer concentration, nP concentration, and needle

diameter) were tested to achieve our purpose of identi-

fying the optimal conditions for producing electrospun

fiber webs with superhydrophobic properties. These

three parameters significantly influence fiber morphol-

ogy. In turn, fiber morphology affects hydrophobic

behavior. To achieve this study’s purpose, a set of elec-

trospun fibers was produced within the fixed parame-

ters defined in the electrospinning operation and the

study conditions that are represented in Table 1 (poly-

mer and nP concentration refer to the polymeric solu-

tion loaded onto the electrospinning equipment). With

the combination of the variables, a total of 24 fiber

webs was obtained and further characterized in terms

of properties and functionality.

Characterization techniques

The morphology of the electrospun fibers was assessed
using field emission scanning electron microscopy
(FESEM). The analyses were performed using a
NOVA 200 Nano scanning electron microscope from
the FEI Company (Hillsboro, OR, USA). To achieve
an increased image quality considering the nature of
the materials, all samples were vacuum metalized
with a thin film of gold-palladium (Au-Pd) before the
analysis. The average values of the fiber diameters were
calculated by taking measurements from different
regions using ImageJ software.22 The presence and dis-
tribution of TiO2 nPs were confirmed by transmission
electron microscopy (TEM) using a JEOL JEM 2100
80–200 kV. The roughness of the produced fibers was
evaluated by atomic force microscopy (AFM) using a
NanoScopell operating in tapping mode. The AFM
images were taken over scanning areas of 20� 20 lm2

followed by 1� 1lm2.
The chemical composition and the structural aspects

of the PCL and PCL/TiO2 electrospun fibers were ana-
lyzed using Fourier transform infrared spectroscopy
(FTIR) coupled with the attenuated reflection (ATR)
technique using IRAffinity-1S, SHIMADZU equip-
ment (Kyoto, Japan). All spectra were obtained in
the transmittance mode and resulted from the accumu-
lation of 45 scans within the wavelengths of 400–
4000 cm�1.

The thermal behavior of the electrospun fibers was
assessed with a differential scanning calorimetry (DSC)
analysis using equipment from Mettler Toledo under a
nitrogen atmosphere while the samples (about 8–10 mg
in weight) were heated from 0�C to 500�C with a heat-
ing rate of 10�C/min. Finally, a thermogravimetric
analysis (TGA) of the electrospun fibers was performed
with an STA 700 from HITACHI, and the samples
were tested in the temperature range from 25�C to
500�C at 5�C/min heating rates.

Wettability

Wettability in terms of water repellence was evaluated
by measuring the WCA established between a drop of
water and the samples produced through

Table 1. Parameters tested during the production of
electrospun fibers with water-repellent abilities

[PCL] (%) (w/v) [TiO2] (%) (w/v) Needle diameters (mm)

15 0.5 0.61

20 0.6 0.41

0.7 0.33

0.25

PCL: poly(e-caprolactone).
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electrospinning. This measurement was processed with

a Contact Angle System OCA 15 goniometer coupled

with a high-resolution digital camera. To perform the

assay, a 5 lL drop of distilled water was dropped from

a microsyringe onto the surface of the electrospun fiber

webs. The measurements were taken in 10 different

places, and the respective averages and mean devia-

tions were calculated. The following determinations

were made: when the WCA was less than 90�, the sam-

ples were considered hydrophilic; when the angle was

between 90� and 150�, the samples were considered

hydrophobic; and when the angle was above 150�, the
samples were considered superhydrophobic.3 To assess

the significance of the differences in the results, a sta-

tistical analysis was performed using a one-way analy-

sis of variance (ANOVA) for a significance level of

P¼ 0.05.

Results and discussion

Electrospun fiber characterization

Results of Fourier transform infrared spectroscopy. The FTIR

spectra of fibers produced with a needle diameter of

0.41mm are shown in Figure 1. Due to the similarity

between the samples with nPs, only the results related

to 20% (w/v) PCL and 20% (w/v) PCL_0.6% (w/v)

TiO2 are represented. From the figure, we can identify

two sharp bands located at 2866 and 2943 cm�1, usu-

ally related to the alkyl C-H group of the PCL’s hydro-

carbon. As we moved to higher frequencies, a signal

located at 1721 cm�1 arose, typically attributed to the

stretching vibration of the PCL’s carbonyl groups

(C¼O). The peak at 1219 cm�1 corresponded to the

vibration of the C-C and C-O groups. As we reached

1161 cm�1, a signal resulting from the deformation of
-CH2- groups of PCL appeared.17,23

A typical FTIR spectra of TiO2 is characterized by a
rapid decline in transmission around 800 cm�1, which is
the result of the Ti-O bond vibration.24 In the Figure 1
FTIR spectra, TiO2 vibration caused a broad band
between 450 and 915 cm�1. This result confirms the
successful incorporation of TiO2 nPs during the prep-
aration of the polymer solution and the presence of
TiO2 nPs in the electrospun fibers.

Differential scanning calorimetry and thermogravimetric

analysis. Figure 2 shows the DSC curves for electrospun
PCL and PCL/TiO2 fibers. The DSC curves of electro-
spun PCL and PCL/TiO2 fibers revealed two distinct
sets of signals. We can confirm that the temperatures of
the phase changes were similar in both conditions,
regardless of the presence or absence of nPs.

In Figure 2, we can identify a signal around 60�C
that is caused by the melting point (Tm) of PCL.
Therefore, the phase transition of the electrospun
fibers studied was about 60�C and was under the Tm

noted for the PCL polymer.24,25 At approximately
350�C, another endothermic peak occurred. When
comparing this point to the TGA curve represented
in Figure 3, it is possible to directly relate the change
of the physical state represented in the DSC curve to
the single-step degradation of the electrospun fibers
(visible in the TGA curve). Indeed, by observing the
TGA plot, it is clear that the rapid decline in values
started at 350�C.

Comparing both of these results, it is possible to
conclude that this is the point where the electrospun
fibers began to thermally decompose, resulting in an
almost total loss of the sample mass (degradation).
From the TGA curve, it is evident that the presence

Figure 1. Fourier transform infrared spectra of electrospun poly(e-caprolactone) (PCL) and PCL/TiO2 fibers produced with a
0.41mm needle diameter.
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of nPs did not change the thermal degradation mecha-

nism of the PCL polymer. The only effect of the nPs

was one we expected: a final residue after the perfor-

mance of the TGA analysis. Also, the samples related

to a PCL concentration of 15% w/v plus nPs had a

higher amount of residual mass. This result makes

sense in that a lower amount of PCL implies that the

apparent same theoretical proportion of nPs is slightly

higher because, after solvent evaporation, the fibers

keep 100% PCLþTiO2, which means that 0.6% w/v

TiO2 (for example) is different in a solution with 15%

w/v PCL or 20% w/v PCL.

Morphological analysis

The morphological structure of the electrospun fibers

was observed with scanning electron microscopy

(SEM) images, which allowed an analysis of both nP

distribution and the type of fibers produced. Figure 4

shows the SEM images of electrospun fibers produced

with a 0.41mm needle diameter and a polymer concen-

tration of 20% (w/v) PCL plus the different concentra-

tions of nPs tested (0%, 0.5%, 0.6%, and 0.7% weight–

volume ratio).
The electrospun fibers showed a cylindrical shape

with a few random beads formed, resulting from an

irregular diameter increase at some points. The bead

formation matches the main purpose of this work, as

these formations are directly related to hydrophobic

behavior, as reported by Huan et al.26 in their work relat-

ing the presence of beads among nanowebs and hydropho-

bic behavior, which occurs due to a roughness increase. In

addition, a noticeable increase in the number of beads

was observed in the fibers with more nPs.

Figure 2. Differential scanning calorimetry curves of electrospun poly(e-caprolactone) (PCL) and PCL/TiO2 fibers produced with a
0.41mm needle diameter.

Figure 3. Thermogravimetric analysis curves of electrospun poly(e-caprolactone) (PCL) and PCL/TiO2 fibers produced with a 0.41
needle diameter.
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The successful incorporation of nPs in the fibers was
also confirmed by TEM analysis. In the images we
obtained, some black points were seen that correspond
to the TiO2 nPs. As shown in Figure 5, we were also
able to confirm the uniform distribution of TiO2 nPs in
the fibers—with the formation of random
agglomerations.

Finally, the different nP concentrations did not
appear to negatively affect fiber morphology or the
presence and distribution of nPs. The major difference
observed in the morphology of the fiber mats with the
addition of TiO2 nPs was an increase in roughness. To
confirm this statement, an AFM analysis was

performed, the results of which are represented in
Table 2. Figure 6 shows a few of the images we
obtained.

The AFM results indicate an increase in the rough-
ness of the produced fibers as the concentration of nPs
increased. When comparing the two samples with poly-
mer concentrations equal to 15% and 20% w/v PCL
without nPs, we concluded that the increase in polymer
concentration also promoted higher roughness values.
The perfect confluence of roughness, a porous struc-
ture, and bead formation promoted greater air trap-
ping. An increase in bead formation was noted
alongside an increased nP proportion, as represented

Figure 4. Scanning electron microscopy images of the electrospun fibers produced with a 0.41mm needle diameter and 20% w/v
poly(e-caprolactone) (PCL), 0% w/v TiO2 (a), 0.5% w/v TiO2 (b), 0.6% w/v TiO2 (c), and 0.7% w/v TiO2 (d); morphology of beaded
fibers with a 0.41mm needle diameter and 20% w/v PCL, 0.6% w/v TiO2 (e), and 0.7% w/v TiO2 (f) (red boxes represent beads – color
online only).
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in Figure 4. In line with the Cassie–Baxter model, the
increase of beads and nP proportion benefits the
hydrophobicity of the webs.26 As referred to by
Nuraje et al.,27 this effect will impact the previously
mentioned ‘lotus effect,’ with the right combination
of surface chemistry and roughness resulting in super-
hydrophobic behavior and promoting water droplet
roll-off with cleaning effects.

The average diameter of the fibers produced with a
needle diameter of 0.41mm, 20% w/v PCL, and vari-
able concentration of nPs is presented in Table 3. As
the table shows, higher concentrations of PCL resulted
in an increased spun fiber diameter because the diam-
eters were measured on the nanoscale when we used the
15% w/v PCL solution, while the diameters were mea-
sured on the micro-scale for fibers with a 20% w/v PCL
solution.

The viscosity of the solutions we used played a
major role in the diameter of the fibers that were

produced, whereas larger concentrations of PCL were
accompanied by an increase in viscosity values (see
Table 3). Nezarati et al.28 also noticed this relationship
between viscosity and fiber diameter and attributed it
to the electrospinning process. It was observed that
electrospinning solutions with lower viscosity have an
increased bead number due to the reduced viscoelastic
capacity of the jet generated during the electrospinning
process. In this study, we observed this effect in the
different polymer proportions tested.

In the aforementioned study, Nezarati et al.28 speci-
fied that bead formation occurs when the surface ten-
sion changes the jet to droplets. When the
electrospinning process takes place, the electrostatic
forces should overlap the surface tension to elongate
and form the Taylor cone with subsequent solvent
evaporation and fiber production. However, when the
viscosity is not at ideal levels, this behavior between the
electrostatic forces and surface tension may not

Figure 5. Transmission electron microscopy images of the electrospun fibers produced with 0.41mm needle diameter with the
corresponding proportion of 10% w/v poly(e-caprolactone) (PCL) (a), 20% w/v PCL (b), 20% w/v PCL _0.5% w/v TiO2 (c), 20% w/v
PCL _0.6% w/v TiO2 (d), and 20% w/v PCL _0.7% w/v TiO2 (e).

Table 2. The roughness of electrospun fibers produced with a 0.41 mm needle diameter containing different proportions of polymer
and nanoparticles

15% w/v PCL

0% w/v TiO2

15% w/v PCL

0.5% w/v TiO2

15% w/v PCL

0.6% w/v TiO2

15% w/v PCL

0.7% w/v TiO2

20% w/v PCL

0% w/v TiO2

Average surface

roughness (nm)

75.6 93.0 161.7 143.5 108.3

PCL: poly(e-caprolactone).

Pais et al. 7



happen, thus affecting the formation of the beads. On

the other hand, when the viscosity is too high, visco-

elastic behavior amplifies the resistance to the axial

stretching during whipping, resulting in fibers with

larger diameters. Regarding the viscosity levels, we

ensured that intermediate viscosity values were applied

to avoid the problems presented by Nezarati et al.28

These conclusions are in accordance with the research

presented by Nezarati et al.,28 where they observed that

greater diameters were obtained when a higher polymer

concentration/viscosity was applied. From the point of

view of hydrophobicity, the relationship between

higher PCL proportions and a greater fiber diameter

is useful when considering the Cassie–Baxter effect—a

liquid droplet on a rough surface with globules of air

inside the surface turns to stay on the surface and does

not penetrate the material.
Table 3 also presents the effect of the addition of nPs

to the electrospun fibers. For both PCL concentrations

tested, lower diameters were achieved when TiO2 nPs

were present. Several studies, such as Bortolassi et al.29

and Demirsoy et al.,30 describe the effects of nPs in

electrospun fibers in terms of two major factors: (1)

the nPs can increase fiber diameter due to the addition

of new material to the polymer matrix and/or because

of the agglomeration of nPs in the fibers; and (2) nPs

can decrease fiber diameter due to the increase of con-

ductivity of the jet during electrospinning, causing the

formation of thinner fibers.
These effects easily corroborate the formation of

nanofibers instead of microfibers after the addition of

TiO2 nPs. This fact was confirmed by the metallic

behavior of TiO2 nPs, which increased in conductivity

and caused the intensification of the charge density on

the surface of the ejected solution during the electro-

spinning process. Polu and Rhee31 also noticed an

increase in conductivity with the addition of TiO2

nPs, having reached an ionic conductivity value of

2.11� 10�5 S cm�1 at ambient temperature with the

incorporation of 8 wt % of TiO2. Lastly, from the

observations shown in Table 3, we can confirm that

with an increased nP concentration, a higher fiber

diameter occurred as a result of the effect of this new

material. The formation of agglomerations onto the

fibers was also observed.
Chemical composition can also affect the hydropho-

bicity of the sample, depending on factors like the types

and proportions of specific functional groups. From a

morphological viewpoint, the consolidation of the

three variables analyzed in this study will potentially

affect hydrophobic intensity insofar as they influence

aspects such as the number of fibers, the presence of

irregular diameters, and density.

Hydrophobicity properties

In a further analysis, the wettability of the electrospun

fibers was measured to determine the water repellency

of the produced samples and the influence of TiO2

and PCL concentrations on hydrophobic behavior.

Figure 7 shows the mean value of the WCA obtained

for the produced electrospun fibers. In Figure 8, the

Figure 6. The surface roughness of the electrospun fibers of 15% w/v poly(e-caprolactone) (PCL) (a) and 15% w/v PCL_0.7% w/v
PCL produced with a 0.41 needle diameter.

Table 3. The diameters of electrospun fibers produced with a
0.41 mm needle diameter containing different proportions of
polymer and nanoparticles

Polymer concentration (%) (w/v) 15 20

Viscosity (mPa. s) 8900

Fiber diameters

(nm)

12600

TiO2 concentration (%) (w/v)

0 1138 (717) 1864 (518)

0.5 553 (261) 1508 (547)

0.6 782 (267) 1575 (368)

0.7 839 (298) 1844 (567)

Note: standard deviations in parenthesis.
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water sessile drop on the fiber surface in the sample
that achieved the highest WCA value is represented.

In Figure 7, it is clear that the complete set of
fiber webs studied had either a hydrophobic or super-
hydrophobic nature. For the samples obtained with a
needle diameter of 0.61mm, the samples incorporated
with TiO2 nPs had WCA values higher than the sam-
ples with no TiO2 nPs. Hydrophobic behavior was

expected due to the hydrophobic characteristics of the

PCL polymer and TiO2 nPs. This result follows the

SEM and AFM analyses by which we concluded that

the presence of TiO2 nPs promoted an increase in

roughness, thereby ensuring superhydrophobia in

samples.
To justify this result, we should consider the lotus

effect, which can be mimicked on surfaces produced by

the electrospinning technique. In nature, the surface of

the lotus leaf is typically composed of hills and valleys

of 3–10lm that are coupled with particles on the nano-

scale. The disposal of the micrometer-sized hills and

valleys ensures low area-to-water contact, and the

nanosized particles can prevent water penetration

between these structures.
For instance, this effect predicts water droplet for-

mations above the surface and a low roll-off angle.4

When controlling the polymer matrix and the introduc-

tion of nPs through electrospinning, it is possible to

mimic the hydrophobic effect described, as we can see

in Figure 4. Electrospinning can produce fibers with

nano and micro diameters. These fibers combined

with particles on the nanoscale (10–30 nm) constitute

the perfect conditions to create surfaces containing

superhydrophobic properties, like those of the

lotus leaf.
Therefore, when we are combining two ideas, such

as electrospinning (which includes polymers and nPs)

Figure 7. Water contact angles of fiber webs produced by electrospinning; horizontal black lines represent the minimum to achieve
hydrophobicity (90�) and the minimum to be classified as superhydrophobic (150�). PCL: poly(e-caprolactone).

Figure 8. Water contact angle of the fiber webs produced with
20% w/v poly(e-caprolactone) and 0.6% w/v TiO2 with needle
diameter equal to 0.41 mm.

Pais et al. 9



and the concept of hydrophobicity, roughness will have
a large effect on the final result. A considerable number
of related studies previously established a direct rela-
tionship between the increase of roughness and the
hydrophobic properties of the materials. The electro-
spun fibers have some roughness in their intrinsic prop-
erties, which is a consequence of the small diameters of
fibers and their organization with or relation to each
other. These studies also proved that the addition of
nPs is a main cause of increased roughness.

This relationship was also confirmed in the present
study, where a clear increase in the roughness of fibers
containing nPs was detected through AFM analysis.
This morphological behavior has consequences for
hydrophobic properties—namely for the WCA values
obtained. When observing the resultant WCA values,
generally when nPs are present, the WCA values rise.
The fibers composed only of PCL polymer had WCA
values that qualified as hydrophobic, while some elec-
trospun fibers incorporated with TiO2 nPs achieved
WCA values that were associated with superhydropho-
bic behaviors. These results can be justified by the
roughness achieved when producing fibers using the
electrospinning technique. However, higher WCA
values in the fibers with TiO2 nPs result from the pres-
ence of these nPs, which increase hydrophobic behavior
and fiber roughness.

The chemical composition of the present compo-
nents must also be considered. PCL polymer is
known as a hydrophobic material due to some of its
molecular groups ([-CH2]5). Therefore, from a chemical
point of view, the hydrophobic properties observed in
the fibers with a total absence of nPs are justified. The
electrospun fibers produced with 15% and 20% (w/v)
PCL achieved similar WCA results: 137� and 135�,
respectively. These results show that the two electro-
spun fibers produced without the addition of nPs had a
similar hydrophobic nature with no significant differ-
ences between them. According to Zheng et al.,16 TiO2

nPs may promote better hydrophobic properties.
Zheng et al.16 argue that TiO2 nPs have fully stoichio-
metric interactions, which means that each titanium
atom surrounded by two oxygen atoms can establish
a chemical bond with a water molecule, thereby reduc-
ing the water penetration within the matrix.

Of the 24 electrospun webs produced, a total of five
samples achieved WCA values corresponding to the
superhydrophobic categorization: one with 0.5% (w/
v) TiO2 nPs, two with 0.6% (w/v) TiO2 nPs, and two
with 0.7% (w/v) TiO2 nPs. The two highest proportions
of nPs produced a significant number of samples with
superhydrophobic properties. In fact, in the sample
containing 0.5% (w/v) TiO2, the WCA value was
150�, which is the minimum value to be characterized
as a superhydrophobic sample. In contrast, when we

analyzed the samples with high contents of TiO2 nPs,
larger WCA values were obtained—the web with 20%
(w/v) PCL_0.6% (w/v) TiO2_0.41mm had the highest
WCA value: 156� (superhydrophobic). This result was
a consequence of the addition of TiO2 nPs, which con-
ferred a higher roughness to the surface. The statistical
difference between the samples with different nP pro-
portions was confirmed by an ANOVA. For example,
when the concentration of the polymer is fixed at 20%
(w/v) PCL and the needle diameter at 0.41mm, the
influence of the different nP proportions on the WCA
can be studied. With these conditions, the P-value
obtained was 0.013. Since this value is lower than
0.05, from a statistical point of view, this result
means that the different WCAs obtained (when varying
the nP proportion) have relevance and should be con-
sidered. The same methodology was applied to the
other parameters.

No direct relationship was noted between needle
diameter and the topology of the fibers produced.
Macossay et al.32 applied different needle diameters
during electrospinning and observed a lack of relation-
ship between the needle diameter used and the resulting
average fiber diameter. They also observed that, when
a smaller needle diameter was applied, a greater stan-
dard deviation relative to the mean fiber diameter was
obtained. With a higher range of fiber diameter, fewer
empty spaces occurred.

In this case, the ideal conditions described in the
Cassie–Baxter effect were not achieved. The Cassie–
Baxter effect indicates that when a liquid droplet is
applied on a rough surface with globules of air trapped
inside the surface, the droplet tends to become sus-
pended and does not penetrate the surface. This trait
is a peculiarity of hydrophobic behavior.3 Thus, it is
logical that, when a lower needle diameter is applied,
the increased heterogeneity in the fiber diameter leads
to increased packing (few empty spaces on the surface),
which results in lower WCA values. This conclusion is
supported by our results insofar as WCA values corre-
sponding to the lower diameter needle were among the
lowest values obtained. The exception was when the
highest content of TiO2 nPs was applied, in which
case we suggest that the effect of roughness caused by
nPs overlapped with the effect of fibers with similar
diameters. This final statement emphasizes the relation
observed between the presence of TiO2 nPs and higher
roughness values, which in turn increases the hydro-
phobic behavior.

Conclusions

Electrospun fibers composed of PCL polymer and TiO2

nPs with superhydrophobic properties were designed
and produced using an electrospinning technique.
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This study produced several superhydrophobic condi-

tions, the highest WCA value of which was 156�.
These results produced some important general

conclusions.

1. When TiO2 nPs are present, a great number of nano-

fiber nets achieve a WCA categorized as superhy-

drophobic. This result is a direct consequence of

the hydrophobic behavior of TiO2 and the increase

in roughness caused by nPs. It was also noted that

an increase in the PCL proportion promotes higher

WCA values.
2. The essential role roughness plays in the achieve-

ment of hydrophobic and superhydrophobic prop-

erties was confirmed. Concerning the roughness, the

AFM results also confirmed that the addition of nPs

increases the roughness of electrospun fibers, which

enhances water repellency, with a potential positive

consequent effect on self-cleaning ability.
3. Although TiO2 nPs play an essential role in produc-

ing water repellency, PCL polymer also has the abil-

ity to repel water, as WCA values between 90� and

150� were obtained for the samples without nPs.

This result is a consequence of the morphology of

the fibers produced with an electrospinning

technique.
4. Using needles with small diameters promoted the

production of more varied fiber diameters, thereby

decreasing the Cassie–Baxter effect and the hydro-

phobic properties. This result was less notable with

an increase in the concentration of nPs.

The present study confirms the hydrophobic and

superhydrophobic characteristics of the nanofiber

webs that were produced. These results were theoreti-

cally related with the Cassie–Baxter model, which jus-

tifies hydrophobic properties with a specific

combination of surface chemistry and roughness pro-

moting the roll-off of droplets and consequently pro-

ducing a self-cleaning effect. In future studies, we

intend to perform assays that further prove and cor-

roborate these observations.
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