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Abstract
This paper reports a novel fluorinated micro-nano hierarchical Pd-decorated SiO2
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structure (hereafter called Pd/SiO2), which was formed by the deposition of Pd
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process. Subsequently, the Pd NPs were deposited using an ultraviolet reduction
process. The resulting surfaces exhibited a micro-nano hierarchical morphology.

nanoparticles (NPs) on SiO2 microspheres. The SiO2 layers with microscale
roughness were fabricated by electrospraying a solution prepared using the sol-gel

After fluorination, the micro-nano hierarchical surface exhibited outstanding water
repellency with a water contact angle (WCA) of 170° and a sliding angle <5°,
indicating excellent superhydrophobic properties. The layers exhibited good longterm durability and excellent ultraviolet resistance. Interestingly, the surface was
oleophilic (CA of oil ~10°). These results show the potential of employing superhydrophobic fluorinated Pd/SiO2 layers in smart devices, such as self-cleanable
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surfaces and intelligent water/oil separation systems.
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| INTRODUCTION

Superhydrophobic surfaces show excellent water repellency
with a water contact angle (WCA) ≥ 150° and a sliding angle
<10°.1 They have been inspired by nature; some biological
systems, such as lotus leaves, exhibit this effect.2 Superhydrophobic surfaces have attracted considerable attention in a
wide range of applications, such as anti-corrosion surfaces,3
self-cleaning surfaces,4 and anti-icing surfaces.5
Furthermore, superhydrophobic surfaces are employed in
the separation of oil and water. Although oil-absorbing materials can be used for oil-water separation, they have low selectivity and slow adsorption.6 Oil and water can be separated by
combining superhydrophobicity and superoleophilicity in a
single material.7 Superhydrophobic materials can remove
water completely, while the oleophilicity of these materials
allows oil to pass through.8 A novel study on oil-water separation using polytetrafluoroethylene (PTFE) was reported,9 and
J Am Ceram Soc. 2018;101:3817–3829.

surfaces that exhibited both superhydrophobicity and superoleophilicity have attracted significant interest in the separation of oil-water mixtures.10,11
A superhydrophobic surface requires high surface
roughness and low surface energy. Hence, 2 approaches
are considered to produce superhydrophobic surfaces. The
first approach involves modification of the surface chemistry using low surface energy materials, such as fluoropolymers. In the second approach, the surface of the
solid is roughened.12
Surface roughening is more important for achieving
excellent superhydrophobic surfaces than lowering the surface energy.13 A hierarchical structure is formed by combining micro- and nanoscale roughness.14 In this structure,
a large number of air pockets are formed, which improve
the superhydrophobicity of the hierarchical structure.14,15
Generally, micro/nano-sized hierarchical structures can
be synthesized using 2 methods. In the first method, soft
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templates, such as gas bubbles and surfactants, are
employed, whereas the second method involves the use of
hard templates, such as silica (SiO2) and carbon spheres.16
For hard templates, SiO2 is preferred over other materials,
such as CuO,17 Al2O3,14 ZnO,18 and zeolite,19 to fabricate
micro-nano hierarchical superhydrophobic layers. This is
because SiO2 has a range of useful properties, such as high
chemical, thermal, and mechanical stability; inertness; optical transparency; low refractive index; low weight; low
thermal conductivity; excellent handling strength; and good
thermal shock resistance.20,21 In addition, SiO2 is abundant,
making the cost of production considerably low. Moreover,
the chemistry of SiO2 can be tailored easily using different
polymers or metals.22,23 On the other hand, the hydrophobicity of SiO2 are intrinsically poor; hence, its surface
needs to be modified. As mentioned previously, a promising surface modification method is to increase the roughness of the SiO2 layers by applying the micro-nano
hierarchical structures.
The surface roughness of the SiO2 layers can be
increased using lithography techniques, such as (i) electron
beam lithography,2 which is generally slow and expensive;
(ii) etching, which generally leads to chemical contamination; and (iii) conventional deposition techniques, which
are flexible and inexpensive, but often require high temperatures, and chemical contamination can occur during deposition.13 Some other deposition techniques, such as
ultraviolet (UV) reduction, have low processing temperatures and lower levels of chemical contamination.
Nanoparticles (NPs) are often used to control the surface roughness because they can be synthesized easily with
relatively uniform sizes in a reproducible manner. Among
the various NPs, NPs of noble metals have many advantages over other materials and coatings, such as hightemperature stability, high intrinsic durability, as well as
mechanical and chemical stability.24
Because of the versatile applications of superhydrophobic surfaces, novel methods and materials that can realize
such surfaces need to be developed. To the best of the
authors’ knowledge, there are no reports on the fabrication of fluorinated superhydrophobic Pd/SiO2 layers. In
this study, SiO2 layers were fabricated using the electrospray technique using a sol-gel solution. The electrospraying technique was selected because it is a simple and
inexpensive technique to fabricate reproducible layers in
an ambient environment.22 The superhydrophobic Pd/SiO2
layers were obtained by depositing and subsequently fluorinating Pd NPs. The CAs were examined as a function
of different liquids, UV intensity, and time during preparation; and UV exposure time after fabrication (UV-resistance), annealing temperature, and time. The fabricated
fluorinated micro-nano hierarchical Pd/SiO2 layers exhibited excellent superhydrophobicity and can be used in
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transparent superhydrophobic layers and oil-water separation.

2
2.1

| EXPERIMENTAL PROCEDURE
| Preparation of SiO2 layers

Microscale-rough SiO2 layers were fabricated on SiO2
grown Si (001) substrate, with a thickness of 300 nm by
combining the sol-gel method with the electrospray deposition technique.
The precursor materials required for the sol-gel solution
of the SiO2 were tetraethoxysilane (TEOS, Si(OC2H5)4),
and methyltriethoxysilane (MTES, CH3Si(OC2H5)3). The
MTES stabilizes the SiO2 particles in the sol and increases
the hydrophobicity of the final material.25 Indeed, by adding MTES to TEOS, a larger number of superhydrophobic
silica particles can be formed.26 First, the MTES and TEOS
were mixed (1:1 molar ratio) after stirring for 2 hours at
room temperature. Second, a solution containing deionized
water, ethanol, and HCl (molar ratio of 9:6:0.03) was prepared in a separate beaker at room temperature. Third, the
TEOS–MTES solution was mixed with the above solution
(Figure 1A).
During electrospray deposition, the applied voltage and
distance between the collector and needle were fixed to
15 kV and 10 cm, respectively. The feeding rate was
0.05 mL/h. After electrospray deposition, the coated SiO2
layers were heat-treated at 400°C for 2 hours. The authors
described the detailed procedure in a previous paper.23

2.2

| Deposition of Pd NPs

To form the micro-nano hierarchical structures, the Pd NPs
with nanoscale roughness were deposited on microscalerough SiO2 layers. For this purpose, the Pd NPs were
deposited on the coated SiO2 layers through a UV reduction method. A Pd+2-containing solution was prepared by
dissolving 0.4 g PdCl2 (Kojima chemicals Co. Ltd.) in
20 g of isopropanol. The coated SiO2 layers were
immersed completely in a Pd+2-containing solution. Subsequently, the samples were irradiated with UV at 360 nm
using a halogen lamp at room temperature (Figure 1B).
The intensity of UV light was varied from 0 mW/cm2 to
3.0 mW/cm2. In addition, the effects of the time of reduction by UV light were examined by exposing the samples
for different times. Finally, the fluorinated Pd/SiO2 layers
were annealed at 400°C for 1 hour to remove the remaining solvents. The effect of UV intensity at fixed time and
the effect of deposition time at fixed UV intensity on the
superhydrophobic behavior of fabricated layers were studied. Figure 1C presents the overall process used to prepare
the fluorinated micro-nano hierarchical Pd/SiO2 layers.

KIM

|

ET AL.

3819

F I G U R E 1 Schematic diagram of the
steps used to synthesize the
superhydrophobic micro-nano hierarchical
SiO2 layers; (A) synthesis of SiO2 using the
sol-gel process; (B) Pd deposition using
UV reduction; (C) overall process including
a microscale-rough SiO2 layer using
electrospraying, deposition of Pd NPs by
UV reduction, and fluorination treatment
[Color figure can be viewed at
wileyonlinelibrary.com]

To fluorinate the Pd/SiO2 layers, hexane containing
10 mmol trichloro (1H,1H,2H,2H-perfluorooctyl) silane
(PFOS, CF3(CF2)5CH2CH2SiCl3) was prepared for 10 minutes at room temperature. The fabricated layers were then
immersed into the above solution. Finally, the fluorinated
surfaces were obtained after removing the immersed layers
and annealing at 100°C for 1 hour.
An ultrasonically cleaned stainless steel mesh (pore
sizes ~200 lm) was used to examine the oleophilicity.
Similar to the procedure mentioned previously, by dipping
of stainless steel mesh into the Pd/SiO2 solutions, fluorinated Pd/SiO2 layers were deposited on a stainless steel
mesh. Subsequently, the Pd/SiO2 stainless steel mesh was
cleaned with deionized water and dried at 120°C for 1 hour
in an oven.

with a thermal gravimetric analyzer (Shimadzu, Japan). The
analysis was performed in the presence of N2, in the temperature range between 25 and 1000°C, with a heating rate of
10°C/min. Surface area was measured by Brunauer-EmmettTeller (BET, MICROMERITICS Tristar, ASAP 2020). The
chemical composition of surfaces was analyzed by X-ray
Photoelectron Spectroscopy (XPS. Thermo K-Alpha instrument) operating with an Mg Ka X-ray source. Durability
tests were performed by measurement of WCAs of the fabricated layers in various time intervals, kept in the normal laboratory atmosphere (room temperature and 30% relative
humidity).

3
3.1

2.3

| Material characterization

The morphology of the fabricated layers was examined by
field-emission scanning electron microscopy (FE-SEMHitachi S-4300SE) and atomic force microscope (AFM,
Bruker Nanoscope Multimode IV a) was used to obtain the
surface roughness. The WCAs were measured using a contact-angle analyzer (home-made) in the static mode with liquid drops of volume 5 lL. Thermal stability tests were
performed by putting the fabricated layers on the hot-plate
(Misung Scientific. Co. Ltd. Korea) and the WCAs were
measured. Thermogravimetric analysis (TGA) was performed

| RESULTS AND DISCUSSION
| Morphology study

The microstructures of the electrospinning-synthesized SiO2
layers with and without depositing the Pd NPs were investigated. Figure 2A shows a typical FE-SEM image of the
pristine SiO2 layer, which clearly reveals micron-sized SiO2
particles coated on the substrate, producing microscale
roughness on the surface. To examine the effects of UV light
during the synthesis of Pd NPs, Pd/SiO2 layers were prepared by irradiating them with UV light at 360 nm and different intensities (0.11 mW/cm2, 0.37 mW/cm2, 1.9 mW/
cm2, and 3.0 mW/cm2) for 60 seconds. The layers were also
illuminated at a fixed UV intensity of 0.11 mW/cm2 for
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different times (30 seconds, 60 seconds, 120 seconds, and
300 seconds). Figure 2B-E shows the morphology of the
SiO2 layers coated with Pd NPs using UV light of various
illumination intensities for a fixed exposure time of 60 seconds. Figure 2F-H shows FE-SEM images of the micro-nano
hierarchical Pd/SiO2 structures, where the SiO2 layer with
micro-scale roughness had been coated with Pd NPs using
the UV reduction method with a fixed illumination intensity
of 0.11 mW/cm2 for various exposure times. The insets in
Figure 2 show higher-magnification FE-SEM images, which
reveal the presence of the Pd NPs on the micron-sized SiO2
particles, confirming the formation of the micro-nano hierarchical structures. The images show that NP size increases
with increasing UV intensity. Moreover, at a fixed UV intensity, the NP sizes remained relatively constant at exposure
times from 30 seconds to 300 seconds.

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)
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| Surface area study

Figure 3A-C shows the adsorption-desorption isotherms for
Pd/SiO2 layers prepared under different conditions and Figure 3D summarizes the BET surface areas results. As it
can be seen, by increase in UV reduction time from 60 to
300 seconds under the fixed UV irradiation intensity
(0.11 mW/cm2), the BET surface area decreases. This
demonstrates the formation of bigger Pd NPs as a result of
agglomeration of finer Pd NPs with increase in the reduction time. Also, by increase in the UV intensity from 0.11
to 3.0 mW/cm2, the same trend was observed. This is due
to the fact that by increase in UV intensity, much finer Pd
NPs can be reduced, and because of having a high reactivity, these Pd NPs tend to form bigger Pd NPs, resulting in
decrease in the surface area.

F I G U R E 2 (A) FE-SEM image of a
pristine SiO2 layer. The FE-SEM images of
the Pd/SiO2 layers synthesized by 60 s UV
exposure with various intensities of (B)
0.11 mW/cm2, (C) 0.37 mW/cm2, (D)
1.9 mW/cm2, and (E) 3.0 mW/cm2; and at
a UV intensity of 0.11 mW/cm2 for various
exposure times of (F) 30 s, (G) 120 s, and
(H) 300 s. The insets show the
corresponding higher-magnification images
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By assumption that all particles have spherical shape,
their average size (d) can be calculated using BET surface
area (SBET) as follows:27
d ¼ 6000=SBET  q

(1)

where q is density of Pd (12.02 g/cm3). Figure 4A, B
shows the average radius size of Pd NPs (r = d/2) and
average Pd particle density per 500 nm2 as functions of
UV intensity and UV irradiation time, respectively. Under
the fixed irradiation time (60 seconds), with increasing the
UV intensity, the average size of Pd NPs increases and
accordingly the average Pd particle density per 500 nm2
decreases. For the fixed UV intensity (0.11 mW/cm2), the
similar trend is observed.

3.3

| XPS study

Figure 5A shows an XPS survey of the Pd/SiO2 layer,
revealing all peaks related to the Si, Pd, and O elements.

3821

Figure 5A-1 shows the peak related to C 1s positioned at
284.78 eV, which is in accordance with the literature.28
The Si 2p spectrum, shown in Figure 5A-2, has 2 peaks: 1
corresponding to the bulk Si material (99.38 eV), and the
other to the SiO2 (103.28 eV).29 The peak related to the
bulk Si can be due to partial reduction in the substrate by
UV light or very low thickness of SiO2 on the surface of
Si. A high-resolution spectrum of the Pd 3d core level is
presented in Figure 5A-3. The peaks located at 336.08 and
341.78 eV can be labeled as Pd 3d5/2 and Pd 3d3/2, respectively.30 The high intense peak located at 532.68 eV in
Figure 5A-4 belongs to oxygen ions in the SiO2 crystal lattice.31
Figure 5B shows an XPS survey of the Pd-SiO2/PFOS
layer. As shown in Figure 5B-1, C 1s core level can be
deconveloted to 4 peaks, C-C (284.78 eV),32 C-O
(287.18 eV), CF2 (293.98 eV), and CF3 (291.48 eV),33
where the last 2 peaks show the bonding of carbon with
fluorine ions in PFOS. Si 2p core level is shown in

F I G U R E 3 The adsorption-desorption isotherms for Pd/SiO2 layers prepared under different conditions: (A) 0.11 mW/cm2/60 s, (B)
3.0 mW/cm2/60 s (C), and 0.11 mW/cm2/300 s. (D) Comparison between the BET surface areas of Pd/SiO2 layers prepared under different
conditions [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5B-2, where a strong peak related to SiO2 is
observed. This shows that Si is in the form of SiO2 in this
sample. F1s core level is shown in Figure 5B-3, which
reveals the presence of a peak located at 689.08 eV. This
belongs to fluorine (F1s) in PFOS, which is attributed to
the fluorine element bonded to carbon (CFn), definitely
confirming the existence of PFOS in the Pd/SiO2/PFOS
layer.34,35 On the other hand, O 1s core-level shown in
Figure 5B-4 is due to the presence of oxygen in the SiO2
lattice.

3.4

| Hydrophobicity studies

The effectiveness of the fabricated fluorinated micro-nano
hierarchical Pd/SiO2 layer was investigated based on the
superhydrophobic characteristics. The WCA is the angle
that a water droplet makes with a solid, and is the main
parameter indicating the superhydrophobicity of a surface.
Superhydrophobic surfaces have a WCA between 150° and
180° and a sliding angle of <10°.14 Therefore, the main
aim of this study was to show that the fabricated Pd/SiO2
layers exhibit a WCA > 150° with sliding angles <10°.
Figure S1A shows the WCA on the substrate, where it
shows a WCA of 50°, revealing a weak hydrophilic nature
of the substrate. Figure S1B shows a representative AFM
image taken from the substrate. It shows an RMS roughness value of 0.6422 nm, demonstrating atomically flat surface. Because the substrate was extremely smooth and had
the same chemical component of the SiO2 layer, it must
play the role of a perfect host material for deposition of the
SiO2 layer.
The wetting behavior of a rough surface can be modeled using 2 models: (i) the fully wetted model (Wenzel
model), where the liquid (water) fully penetrates the gaps
between the asperities; and (ii) the partially wetted model
(Cassie-Baxter model), where the presence of air pockets
makes a droplet appear on top of the asperities. To determine the model applicable to this study, the WCAs were
measured on a flat SiO2 surface. For this purpose, Si (100)
wafers were converted to flat SiO2 with a surface roughness of 0.6422 nm (Figure S1B) by thermally annealing
them in an oxidizing atmosphere; the measured WCA was
50°. (Figure S1A). When the Wenzel model is applied, if
the WCA is larger than 90o, namely hydrophobic state,
then the increase in roughness increases the WCA. If the
WCA is smaller than 90o, namely hydrophilic state, then
the increase in roughness rather decreases the WCA. On
the other hand, when the Cassie-Baxter model is applied,
regardless of hydrophobic or hydrophilic state, the increase
in roughness increases the WCA. Namely, the increase in
roughness always increases the WCA.36
Figure 6 compares the CAs of various liquids on fluorinated flat SiO2 and fluorinated rough Pd/SiO2 surfaces.
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The WCAs of the fluorinated hierarchical micro-nano Pd/
SiO2 layer (170°) were much higher than those of the flat
SiO2 surface. Therefore, the Cassie-Baxter model was used
to describe the wetting properties of the Pd/SiO2 fabricated
in this study.
The Young-Dupre equation was employed to determine
the work of adhesion as follows:23
Wad ¼ fs cL ð1 þ cos hY Þ

(2)

where fs is the surface fraction; cL is the water surface tension; and hY is the CA in the Young model (on a flat SiO2
surface). As the Cassie-Baxter model was able to describe
the wetting behavior of the Pd/SiO2 layer, where the
micro-nano hierarchal structure prevents the complete penetration of water into the asperities, the values of fs were
calculated by substituting the WCAs measured for the flat
and rough Pd/SiO2 layers into the Cassie–Baxter equation for a nonwetting situation as follows:22
cos hCB ¼ fs cos hY þ fs  1

(3)

where hCB is the CA of the fluorinated micro-nano hierarchical Pd/SiO2 structure. The work of adhesion was

F I G U R E 4 Average radius of Pd NPs and average particle
density as a function of (A) UV intensity and (B) UV irradiation time
[Color figure can be viewed at wileyonlinelibrary.com]

KIM

ET AL.

|

3823

F I G U R E 5 (A) XPS survey of Pd/SiO2 (A-1) C 1s core level region (A-2) Si 2p core level region, (A-3) Pd 3d core level region, and (A-4)
O 1s core level region. (B) XPS survey of Pd/SiO2/PFOS (B-1) deconveloted C 1s core level region. (B-2) Si 2p core level region, (B-3) F1s
core level region, and (B-4) O 1s core level region [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 6 Shapes and CAs of the
droplets obtained from different liquids on
the fluorinated flat SiO2 and the fluorinated
rough Pd/SiO2 layers [Color figure can be
viewed at wileyonlinelibrary.com]

determined using the measured CAs on the flat and fluorinated micro-nano hierarchical Pd/SiO2 layer (produced
under a UV intensity of 0.11 mW/cm2 for 60 seconds)
(Figure 7A). The work of adhesion for all the liquids tested

was less than 3 9 103 N/m. These low values along with
the micro-nano hierarchical structure are responsible for the
excellent liquid repellency of the fabricated Pd/SiO2 layers.
Moreover, the values of fs were <0.1 (Figure 7B), once
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F I G U R E 7 (A) Work of adhesion and (B) surface fraction of the
fluorinated micro-nano hierarchical Pd/SiO2 layer as a function of the
surface tension with respect to the different liquids [Color figure can
be viewed at wileyonlinelibrary.com]

F I G U R E 9 Change in the WCA and roughness factor in the
fluorinated micro-nano Pd/SiO2 layers as a function of UV
irradiation; (A) different UV intensities. (B) Fixed UV intensity of
0.11 mW/cm2 at different times [Color figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 8 Schematic diagram of the superhydrophobic
phenomenon occurring on the fluorinated micro-nano hierarchical Pd/
SiO2 layer [Color figure can be viewed at wileyonlinelibrary.com]

again confirming the successful fabrication of a micro-nano
hierarchical Pd/SiO2 structure. Figure 8 presents the superhydrophobicity on a fluorinated rough Pd/SiO2 layer. Water
droplets could wet the surfaces due to the micro-nano
hierarchical morphology. This can be described by the
Cassie-Baxter model, where a water droplet on top of a
rough surface cannot fully wet it due to the presence of air
pockets at the air and water interface.
As stated before, both energy and the morphology of
the surface have direct effects on the hydrophobic

properties. In order to see the contribution of the fluorination on the hydrophobicity, WCA was measured on
the flat SiO2 surface with a roughness of 0.6422 nm,
(without fluorination) revealing a WCA of 50°. After
that, the WCA was measured on the same surface which
was fluorinated by PFOS. The WCA was increased to
111°. This shows the effect of fluorination on the wetting behavior of SiO2 by fluorination. That is, the WCA
was increased by 61° via the fluorination contribution.
The increase in the surface roughness based on formation
of a micro-nano hierarchical structure resulted in the
increase in the WCA to 170°. This means a 59° increase
in the WCA via the surface roughness contribution.
Therefore, we can mention qualitatively that the fluorination and the surface roughness contribute almost equally
to the final superhydrophobic properties of the Pd/SiO2
layer.
Figure 9A,B shows the effects of the UV intensity for
a fixed exposure time of 60 seconds and the effects of
the UV irradiation time for a fixed intensity (0.11 mW/
cm2) during the fabrication of micro-nano hierarchical
Pd/SiO2 layers on the WCA and roughness factor,
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F I G U R E 1 0 Changes in the WCA and sliding angle as a
function of (A) holding time in air (durability) and (A) UV exposure
time for the fluorinated micro-nano hierarchical Pd/SiO2 layer [Color
figure can be viewed at wileyonlinelibrary.com]

respectively. Roughness factor is defined as the ratio of
“the area in direct contact with the liquid (water) and
the projected area of the solid region under the liquid
(water)”.22,37 Both cases show that the WCAs and
roughness factors change with the variation in the intensity and time during UV reduction. However, the degree
of change is different; for WCAs the changes are negligible, while those for roughness factor are noticeable.
Indeed, although the surface energies are the same for
all layers, different surface structures can be produced by
changing the parameters used for synthesizing the Pd
NPs in the UV reduction process, which ultimately varies the WCAs and roughness factor. In other words,
changing the illumination intensities or exposure time
results in Pd NPs with different sizes and size distributions. Hence, micro-nano structures with different surface
roughness (asperity spacing, asperity diameter, and asperity distribution) can be produced, which means that the
WCAs and roughness can be varied.
In general, changes in UV intensity and time almost
did not affect the WCAs, but they affected the

F I G U R E 1 1 Changes in the WCA as a function of (A)
annealing temperature for 2 h and (A) holding time at 400°C for the
fluorinated micro-nano hierarchical Pd/SiO2 layer [Color figure can
be viewed at wileyonlinelibrary.com]

roughness factor, as shown in Figure 10. As stated previously, the variations in the roughness factor can be
related to the variations in the sizes and size distributions of the Pd NPs and the nature of the roughness of
the SiO2. Based on the above analyses, the fluorinated
micro-nano hierarchical Pd/SiO2 layers produced under
a UV intensity of 0.11 mW/cm2 for 60 seconds were
selected for further study. From an energy saving point
of view, it consumes the lowest energy to generate Pd
NPs. In addition, 60 seconds is a reasonable short time
relative to other tested times such as 300 seconds.
Finally, it was chosen because it offered the highest
WCA (170°).

3.4.1

| Durability study

For practical applications, a surface must retain its superhydrophobicity as long as possible. Therefore, the durability
of the fluorinated micro-nano hierarchical Pd/SiO2 layer
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was studied by measuring the WCAs and sliding angles for
30 days, while the samples were kept under normal laboratory conditions (room temperature and 30% relative humidity). Figure 11A shows the results. The results show that
the changes in the WCA and the sliding angle are negligible, even after 30 days. For example, the WCA decreased
by only 2° (from 170° to 168°) after 30 days, and sliding
angle was slightly increased to 4°, however, it still showed
the superhydrophobic properties, demonstrating the good
long-term durability in air of the superhydrophobic surface
synthesized in this study.

3.4.2

| UV resistance study

The deterioration of the superhydrophobicity after exposure
to the UV light was investigated. In general, UV light can
decompose fluorine species on the surface, decreasing the
superhydrophobicity.23 Figure 11B presents the variations in
the WCA and sliding angle during various exposure times to
UV light (3 mW/cm2). The results show that the sliding
angles remained almost unchanged until the first 30 minutes,
and then increased continuously, whereas the WCAs decrease
continuously. Based on the definition of superhydrophobic
surfaces, the surface remains in the superhydrophobic state,
even after exposure to UV light for 120 minutes
(WCA > 160° and sliding angle ~ 10). This shows that
the fabricated Pd/SiO2 layers have good UV resistance. On
the other hand, after exposing the layer for 210 minutes, the
WCA decreased to 152°, while the sliding angle increased to
35°; hence, the superhydrophobicity decreased.

3.4.3

F I G U R E 1 2 Shapes of a mineral oil droplet on the surface of
SiO2 and fluorinated micro-nano hierarchical Pd/SiO2 layers [Color
figure can be viewed at wileyonlinelibrary.com]

| Thermal stability study

To examine the thermal stability of the micro-nano hierarchical SiO2 layer, the samples were annealed at temperatures ranging from 100°C to 500°C in air for 2 hours,
and the WCAs were then measured. Figure 12A shows
that the WCA does not change considerably up to 400°C,
indicating that the micro-nano hierarchical SiO2 layer
maintains its superhydrophobicity up to this temperature.
On the other hand, at 500°C, the superhydrophobicity
was degraded extensively, where the WCA decreased significantly and a layer of water covered the surface completely. In other words, the surface changed to a
hydrophilic state.
To investigate the thermal behavior of Pd/SiO2 and fluorinated Pd/SiO2 layers TGA experiments were performed.
Figure 13 shows the result of TGA analysis for Pd/SiO2
and Pd/SiO2/PFOS layers. For Pd/SiO2 about 11% mass
loss can be observed from room temperature to ~484°C,
which can be attributed to the evaporation of adsorbed
water molecules (physically and chemically) on the surface
of the material. In this range, the weight loss of the Pd/

F I G U R E 1 3 TGA results for Pd/SiO2 and Pd/SiO2/PFOS layers
[Color figure can be viewed at wileyonlinelibrary.com]

SiO2 layer is larger than that of the Pd/SiO2/PFOS layer.
This can be due to more hydrogen bonding interaction
between the bare surface of SiO2 particles with water molecules, which may result in more adsorption of water
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(D)

(B)

(C)

(E)

F I G U R E 1 4 (A), (B) Oleophilicity
and (C) superhydrophobicity of the
fluorinated micro-nano hierarchical Pd/SiO2
layer deposited mesh, (D) oil-water
separation using the mesh, and (E)
comparison between the WCA and oil CA
on the fluorinated micro-nano Pd/SiO2 layer
[Color figure can be viewed at
wileyonlinelibrary.com]

molecules. With further increase in temperature to 550°C, a
sudden increase in the mass loss of the Pd/SiO2 layer
occurs, which is attributed to dehydroxylation of structural
Si-OH groups.38 In contrast, for the Pd/SiO2/PFOS layer,
the mass loss is smaller, which may be due to presence of
a PFOS layer on the surface of Pd/SiO2, acting as a barrier
for evaporation and decomposition of decomposable materials on the surface of Pd/SiO2.
The significant decrease in the WCA after the annealing
at >400°C was attributed to the removal of the fluorinated
species from the surface due to the high-temperature
annealing. Since the superhydrophobicity depends on both
surface roughness and surface energy, the removal of fluorinated species, can increases the surface energy of the
superhydrophobic layer, hence decreasing the WCA.
Therefore, a temperature of 400°C was selected to
examine the effects of the annealing time. The fluorinated
micro–nano hierarchical Pd/SiO2 layer was annealed at
400°C for 20 hours, and the change in WCA was observed

(A)

(B)

F I G U R E 1 5 Digital images of (A) superhydrophobicity and (B)
oleophilicity of the fluorinated micro-nano hierarchical Pd/SiO2
structures deposited on a stainless steel mesh [Color figure can be
viewed at wileyonlinelibrary.com]
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as a function of the annealing time (Figure 12B). The
WCA remained relatively constant up to 10 hours. By
increasing the annealing time to 15 hours, the WCA
decreased significantly to 158° but the surface remained
superhydrophobic. On the other hand, after 20 hours, the
WCA decreased below 150°; eventually, the superhydrophobicity was lost.

3.5

| Oleophilicity study

Figure 14 compares the oil (mineral oil) repellency of the
fluorinated SiO2 layer and the fluorinated Pd/SiO2 layer.
The results clearly show that the SiO2 layer repels oil drops,
while the fluorinated Pd/SiO2 layer shows good oleophilicity. Figure 14A,B shows the oleophilicity of the fluorinated
Pd/SiO2 layer on a stainless steel mesh whose pore size is
~200 lm. Figure 14C shows the superhydrophobicity of
this layer. Accordingly, the mesh on which the fluorinated
Pd/SiO2 layer was prepared can be used for the oil-water
separation. Figure 14D indicates the oil-water separation
ability of the mesh. As the oil-water mixture was poured
onto the Pd/SiO2 layer-deposited mesh, the oil penetrated
freely through the pores in the mesh and was collected at
the bottom of the beaker, whereas the water could not penetrate through the mesh, instead forming a droplet because of
the superhydrophobicity. As shown in Figure 14E, the
WCA (170°) is much larger than the CA of the oil (10°).
This is due mainly to the difference in the surface tension
of water and oil.39 The oil can penetrate the micro-nano
hierarchical Pd/SiO2 layer because the surface tension of oil
in air (<30 mN/m)40 is much lower than that of water in air
(72.3 mN/m).41 Figure 15 presents images of the water and
oil droplets on the mesh with the Pd/SiO2 layer.

4

| CONCLUSIONS

A simple two-step method was used to produce superhydrophobic fluorinated micro-nano Pd/SiO2 layers. The electrospraying deposition technique was used to synthesize the
microscale-rough SiO2 layers. To further increase the surface roughness and decrease the surface energy, Pd NPs
were deposited on the SiO2 layer using the UV reduction
method, followed by a fluorination process. The Cassie–
Baxter model and Young–Dupre equations were used to
determine the surface fraction and work of adhesion of the
fabricated Pd/SiO2 layers. The synthesized layers exhibited
excellent liquid repellency because of the micro-nano hierarchical structure formed. In addition, the fabricated layers
showed good UV resistance, durability, and thermal stability. The results consistently showed that the novel superhydrophobic Pd/SiO2 layer has potential use in a wide
range of applications. In particular, the layers exhibited

ET AL.

oleophilicity. The oil and water were separated due to the
co-existence of superhydrophobicity and oleophilicity on
the Pd/SiO2 layer.
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