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a b s t r a c t
In this study, a novel micro-nano hierarchical fluorinated Ag/SiO2 structure having both superhydrophobic and superoleophobic properties is presented. SiO2 layers with microscale roughness were fabricated
using a combination of sol-gel and electrospraying processes. Nanoparticles of silver were deposited on
SiO2 using a UV reduction method; subsequent fluorination treatment resulted in micro-nano hierarchical fluorinated Ag/SiO2 layers. The micro-nano hierarchical fluorinated Ag/SiO2 layers have outstanding
repellency towards different liquids including water, with a water contact angle of 170° and sliding angle
of 1°. This demonstrated the excellent superhydrophobic nature of the micro-nano hierarchical structures. Long-term durability, durability of ex-situ and in-situ fluorinated Ag/SiO2 layers in harsh environments, and ultraviolet resistance of the superhydrophobic fluorinated Ag/SiO2 layers were studied.
Thermal stability studies showed that the superhydrophobic properties were retained even at 400 °C
for 10 h, indicating the good thermal resistance of the fluorinated Ag/SiO2. Finally, the fluorinated
Ag/SiO2 structure showed outstanding superoleophobicity (contact angle of 158°) towards mineral oil,
which demonstrates the superamphiphobic nature of the micro-nano hierarchical fluorinated Ag/SiO2
structures. Such superamphiphobic fluorinated Ag/SiO2 layers can be used to produce self-cleanable,
anti-fogging, anti-bacterial, anti-reflection, and anti-icing surfaces.
Ó 2018 Published by Elsevier B.V.

1. Introduction
Superhydrophobicity is defined as extreme water repellency by
a solid surface [1] and such surfaces exhibit a water contact angle
(WCA) >150° with a sliding angle of 10° [2]. A water droplet placed
on a superhydrophobic surface remains almost in a spherical
shape, with no spreading taking place [1]. At the same time, superoleophobicity refers to extreme oil repellency, with an oil contact
angle (CA) of >150°. Surfaces with both superhydrophobic and
superoleophobic features are termed as superamphiphobic surfaces [3]. However, the creation of superamphiphobic surfaces is
very difficult since the surface tension of oils is low, and hence they
spread very easily on the surfaces [3,4].
Wettability is usually determined by the surface free energy as
well as the surface structure [4]. In other words, the two main
parameters necessary for developing a superamphiphobic surface
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are a low surface energy and high surface roughness. While high
surface roughness can be obtained by different methods, low surface energy can generally be realized by the application of fluoropolymers [5]. Superamphiphobic surfaces have gained much
attention recently for application in different fields such as anticorrosion, anti-fouling, energy conservation/conversion, and selfcleaning applications [5,6].
As mentioned earlier, high roughness and low surface energy
are two of the most important features of superamphiphobic surfaces; however, the increase in roughness is usually more important than the lowering of surface energy and therefore increasing
the surface roughness is the main technique employed to design
highly superamphiphobic surfaces [6]. One of the most efficient
approaches to increase the surface roughness is the realization of
roughness at micro-and nanoscale levels to make a hierarchical
structure [7]. Such micro-nano hierarchical structures lead to an
increased formation and stabilization of air pockets, thereby reducing the contact area of the water droplet with the solid surface,
which eventually results in a low sliding angle and adhesive force
[8].
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To synthesize micro-nano sized hierarchical structures, hard
templates such as silica (SiO2), Cu [9], ZnO [10], CuO [11], Al2O3
[7], zeolites [12], and carbon spheres are generally used [13]. However, silica is usually preferred over other materials. In addition to
its abundance, low production costs, and ease of modification, it
has high chemical stability and inertness, high thermal stability,
optical transparency, low thermal conductivity, and low density
[14–17]. However, silica nanoparticles (NPs) are intrinsically rich
in residual silanol groups (Si-OH), which can increase the adsorption of water. Thus, it has poor hydrophobic characteristics and
its surfaces must be modified to be hydrophobic [18].
Superamphiphobic surfaces can be fabricated by etching [19],
chemical vapor deposition [20], glow discharge [21], laser ablation
[22], and electrodeposition [23]. However, they have some limitations such as the need for sophisticated fabrication procedures,
high costs, poor flexibility, and poor stability in harsh environments [24]. In this regard, electrospraying is a promising approach.
It is a simple and inexpensive technique to fabricate reproducible
layers [16]. During the electrospray deposition process, an electrical potential is applied between a syringe needle and a grounded
collector. At a sufficiently high electric voltage, a jet is directed
toward the collector. Since the solution has an optimum viscosity,
it is sprayed in a droplet shape towards the collector and forms a
very rough and particulate layer on the substrate [25]. The combination of electrospraying with a cheap deposition technique such
as ultraviolet (UV) reduction, which can be performed at room
temperature and decreases chemical contamination, seems to be
very promising for the fabrication of superamphiphobic surfaces.
Metallic NPs such as Ag NPs, with high durability and high thermal/chemical stability can be synthesized by UV reduction over
the micro rough surfaces [26].
To the best of the authors’ knowledge, there exists no report on
the fabrication of fluorinated Ag/SiO2 layers by combination of
electrospraying and UV reduction or a study of their hydrophobicity and oleophobicity properties. In this study, SiO2 layers were
prepared by electrospray deposition of Ag NPs and were subsequently fluorinated to prepare micro-nano hierarchical fluorinated
Ag/SiO2 layers. The superhydrophobicity of the Ag/SiO2 layers was
demonstrated by measuring the WCA as a function of the UV intensity and time during the fabrication of the layers, UV exposure time
after fabrication (UV resistance), annealing temperature, as well as
annealing time. The durability of ex-situ and in-situ fluorinated
Ag/SiO2 structures in harsh environments was also studied. The
fabricated layers showed excellent superoleophobicity, which
demonstrates the potential of these novel fluorinated Ag/SiO2
layers as anti-corrosion and transparent self-cleanable surfaces.
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between the needle tip and collector were 10 cm and 15 kV,
respectively. Finally, the fabricated layers were annealed at 400
°C for 2 h in air to obtain a pure SiO2 phase. The details of procedure can be found elsewhere [17].
2.1.2. Ag NPs deposition
To fabricate micro-nano hierarchical structures, Ag NPs with
nanoscale roughness were deposited on the microscale rough
SiO2 layers. Firstly, Ag NPs were deposited on the surface of the
SiO2 layers by means of a UV photo-reduction method. The intensity of UV light was varied from 0.11 to 1.9 mW/cm2 to investigate
the effect of UV intensity on the hydrophobic and oleophobic properties of the Ag/SiO2 layers. In addition, the effect of time on UV
reduction was studied using different exposure times (30–240 s).
For UV photo-reduction, a silver nitrate (AgNO3) solution was prepared by dissolving 0.4 g AgNO3 in 20 g of water and the previously
prepared SiO2 layers were fully dipped into this AgNO3 solution.
Afterwards, they were irradiated with UV at a wavelength of 360
nm using a halogen lamp at room temperature (Fig. 1(b)). Finally,
to remove any remaining solvents, the Ag/SiO2 layers were
annealed at 400 °C for 1 h.
2.1.3. Fluorination of Ag/SiO2 layers
To obtain fluorinated (ex-situ fluorination) surfaces, the Ag/SiO2
layers were immersed into hexane containing 10 mmol trichloro(
1H,1H,2H,2H-perfluorooctyl)silane (PFOS, CF3(CF2)5CH2CH2SiCl3)
for 15 min at 20 °C and after drying in air, they were heated at
100 °C for 1 h. Fig. 1(c) schematically shows the overall process
used to prepare fluorinated Ag/SiO2 layers with a micro-nano hierarchical structure. For in-situ fluorination, PFOS was mixed with
the sol-gel solution and was directly electrosprayed on the
substrate.
2.2. Characterization of the fluorinated Ag/SiO2 layers
The microstructure and morphology of the prepared fluorinated
Ag/SiO2 layers were studied by field emission scanning electron
microscopy (FE-SEM). In order to investigate the chemical states
of the elements, X-ray photoelectron spectroscopy (XPS) was
employed. The CAs were obtained using a contact angle analyzer
in static mode with 5 lL of the liquid of interest. The CAs were calculated from the average of five readings. High-resolution images
were captured for all the samples for comparison. The durability
of the layers at room temperature was evaluated by measuring
the changes in the WCA when the samples were stored in laboratory conditions.

2. Experimental

3. Results and discussion

2.1. Synthesis procedure

3.1. Microstructural and compositional studies

2.1.1. Preparation of rough SiO2 layers
By combining sol-gel and electrospray methods, SiO2 layers
with microscale rough surfaces were fabricated on Si substrates.
Firstly, tetraethoxysilane (TEOS, Si(OC2H5)4) and methyltriethoxysilane (MTES, CH3Si(OC2H5)3) were mixed at a molar ratio
of 1:1 by stirring for 2 h at room temperature. MTES can stabilize
the silica particles in the sol and increase the hydrophobicity of
the resultant silica layer [27,28]. Afterwards, the solution was
mixed with a separately prepared solution comprising of deionized
water, ethanol, and HCl at a molar ratio of 9:6:0.03. This solution
was stirred for 2 h and later used for electrospraying (Fig. 1(a)).
The prepared solution was put into a syringe and the electrospray deposition process was started. During the process, the feeding rate was 0.05 mL/h while the distance and applied voltage

To investigate the microscale roughness of the pristine SiO2
layer, FE-SEM studies were carried out. Fig. 2(a) shows the FESEM image of a pristine SiO2 layer without Ag NPs, in which the
substrate with homogeneously coated sub-micron sized SiO2 particles can be seen. The inset in Fig. 2(a) depicts the microscale roughness of the same sample at a higher magnification. Such microscale
roughness is necessary to produce micro-nano hierarchical structures in the subsequent steps. Fig. 2b–e shows the morphology of
the fluorinated Ag/SiO2 layers obtained using UV light with different intensities in the range of 0.11–1.9 mW/cm2 for 30 s. The insets
in Fig. 2b–e are micrographs of the same samples at higher magnification; they indicate the presence of Ag NPs on a micron-sized
SiO2 particle, which is necessary for the fabrication of isolated
micro-nano hierarchical structures. According to the inset images,
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Fig. 1. Schematic illustration of the process to fabricate superhydrophobic micro-nano hierarchical fluorinated Ag/SiO2 layers; (a) synthesis of SiO2, (b) Ag deposition, and (c)
overall process.

the mean diameter of the Ag NPs is in the range of 25–50 nm. It can
be understood from the FE-SEM micrographs that increasing the
intensity of UV radiation led to the formation of slightly bigger particles, because the ultrafine Ag NPs created at high UV intensities
can be agglomerated easily. However, the size difference is not significant. Fig. 2f–h depict the FE-SEM micrographs of fluorinated
Ag/SiO2 micro-nano hierarchical structures developed with a UV
intensity of 0.11 mW/cm2 and time range of 30–240 s. The higher
magnification images provided in the insets demonstrate the formation of micro-nano hierarchical structures. Further, at a fixed
UV intensity, with an increase in the irradiation time, there was
no significant difference in the size of the reduced Ag NPs.
XPS, which is an extremely sensitive technique to evaluate surface properties even at minimal depths of 1–5 nm [29], was
employed to analyze the elemental composition and chemical
binding on the surfaces of the Ag/SiO2 layers. A typical C1s spec-

trum (raw and deconvoluted) of the fluorinated sample is illustrated in Fig. 3. The C1s peak was recorded in the binding energy
range of 281–300 eV. The C1s window presents rather a complicated pattern of peaks across a 15 eV range. The bands located at
294.08, 291.78, 288.08, and 285.28 eV can be assigned to ACF3,
ACF2, CAF, and CAC bonds respectively. The peaks were assigned
on the basis of characteristic binding energies according to previously published literatures [30,31]. The slight differences between
the binding energies relative to the unbounded PFOS can be related
to the successful fluorination of the surface [30].
3.2. Hydrophobicity studies
3.2.1. Surface fraction, work of adhesion, and CA studies
To evaluate the usability of fluorinated Ag/SiO2 layers, different
properties of the surfaces of the micro-nano hierarchical
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Fig. 2. FE-SEM micrographs of (a) pristine SiO2 and fluorinated Ag/ SiO2 layers synthesized at a UV wavelength of 360 nm and an intensity of (b) 0.11, (c) 0.27, (d) 0.9, and (e)
1.9 mW/cm2 during 30 s exposure; fluorinated Ag/SiO2 layers synthesized at a UV wavelength of 360 nm and an intensity of 0.11 mW/cm2 at an exposure time of (f) 60, (g)
120, and (h) 240 s. The insets show corresponding micrographs at higher resolutions.

fluorinated Ag/SiO2 layers were studied. The Young-Dupre
equation was used to obtain the work of adhesion using the liquid
surface tension (cL), the CA measured on a flat SiO2 surface (hY),
and the surface fraction (fs) [4]:

W ad ¼ f s cL ð1 þ cos hY Þ

ð1Þ

Wenzel and Cassie-Baxter models can describe the wetting
behavior of rough surfaces [32]. According to the Wenzel model,
a rough surface has a greater surface area than a smooth surface,

which increases the hydrophobicity of the surface. According to
the Cassie model, air is trapped in the rough surface, which
enhances the hydrophobicity of the surface since the drop is partially sitting on air [32]. In order to find the appropriate model
for the WCA behavior of fluorinated Ag/SiO2 layers, the WCA on a
flat SiO2 surface (surface roughness of 0.6 nm) prepared by thermally annealing Si wafers in an oxidizing atmosphere was measured (50°). When the Wenzel model was applied to the
fluorinated Ag/SiO2 layers, the WCA of the fluorinated Ag/SiO2
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Fig. 3. C1s spectrum of PFOS.

layers indicated a more hydrophilic state. On the contrary, when
the Cassie-Baxter model was applied, the WCA indicated a more
hydrophobic state. The results showed that the WCAs of the fluorinated Ag/SiO2 layers were much higher than that of the flat SiO2
surface. Furthermore, they also demonstrated that the rougher
films were more hydrophobic. Thus, the Cassie-Baxter model can
be applied to the micro-nano hierarchical fluorinated Ag/SiO2
layers.
The surface fraction (fs) values were calculated by using the
Cassie-Baxter equation for a non-wetting situation using the CA
values of flat (hY) and micro-nano hierarchical fluorinated
Ag/SiO2 layers (hCB) [16]:

cos hCB ¼ 1 þ f s ðcos hY þ 1Þ

Fig. 4. (a) Work of adhesion and (b) surface fraction of the fluorinated Ag/SiO2
layers as a function of the liquid surface tension, (c) digital photographs of different
liquids on fluorinated flat (SiO2) and rough (fluorinated Ag/SiO2) surfaces and their
corresponding CAs.

ð2Þ

Further, the work of adhesion for the micro-nano hierarchical
fluorinated Ag/SiO2 structures was calculated and the results are
presented in Fig. 4(a). The work of adhesion was 64  10–3 N/m
for all the tested liquids including coffee, milk, juice, glycerol,
and water. The small work of adhesion is the reason behind the
strong repellency of the fluorinated surfaces towards liquids. It
can be seen in Fig. 4(b) that the values of the surface fractions
are less than 0.15 in all the cases, which suggests the creation of
nanoscale roughness on the micro-nano hierarchical fluorinated
Ag/SiO2 structures.
The main parameter that demonstrates superhydrophobicity is
the CA [6]. A comparison between the CAs of different liquids on
fluorinated flat SiO2 and fluorinated rough Ag/SiO2 surfaces is
shown in Fig. 4(c). The CAs of coffee, milk, juice, glycerol, and water
on a flat SiO2 surface were 107, 108, 110, 111, and 111°, respectively. These values significantly increased to 156, 161, 162, 165,
and 170° for coffee, milk, juice, glycerol, and water, respectively,
in the case of fluorinated Ag/SiO2 surfaces. This demonstrates the
good superhydrophobicity of the fabricated micro-nano hierarchical fluorinated Ag/SiO2 structures. Since water has a large surface
tension (72.3 mN/m), it is easier to achieve superior repellency
with water as compared to other tested liquids. Fig. 5 schematically depicts the wettability of fluorinated flat SiO2 and fluorinated
Ag/SiO2 layers. In pristine SiO2, water droplets can penetrate the
surface voids, whereas in fluorinated Ag/SiO2 layers, superhydrophobicity can be observed; by virtue of their micro-nano hierarchical structures, the fluorinated Ag/SiO2 layers do not allow
water droplets to wet the surfaces. Such a situation can be
explained by the Cassie model.

Fig. 5. Schematics showing the hydrophobic nature of (a) fluorinated flat SiO2 layer
and (b) fluorinated Ag/SiO2 layer.

3.2.2. Effect of UV intensity and irradiation time during the synthesis of
Ag NPs on the WCA and roughness factor
Fig. 6(a) shows effect of UV intensity at a fixed exposure time
of 30 s during the fabrication of the micro-nano hierarchical
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the worst condition is 168° after 120 s of UV irradiation. The values
of the roughness factor at irradiation times of 30, 60, 120, and 240 s
are 0.227, 0.200, 0.108, and 0.172 respectively. It seems that with
increasing UV irradiation time, more number of Ag+ ions are
reduced to Ag NPs and then are deposited on the SiO2 surfaces.
An irradiation time of 120 s was chosen as the optimized time
for UV irradiation; during this period, the maximum number of
ultrafine Ag NPs without extensive agglomeration can be formed,
resulting in the creation of a micro-nano hierarchical structure.
However, upon further increasing the UV irradiation time, some
NPs can agglomerate together, which degrades the roughness of
the layer.

3.2.3. .UV resistance
The effects of UV light on the superhydrophobicity of the fluorinated Ag/SiO2 layers were investigated. Fig. 7(a) shows the variations in the WCA and sliding angle as a function of the UV
exposure time. It can be seen that the WCA and the sliding angle
of the fluorinated Ag/SiO2 layer gradually decrease and increase,
respectively, with an increase in the UV exposure time. However,
up to 1 h of exposure, the layer maintains its hydrophobicity; the
WCA is larger than 150° and sliding angle is smaller than 10°. After
2 h, even though the WCA is larger than 150°, the sliding angle
increases considerably. UV light can decompose the organic contaminants and increase the surface energy of Ag NPs, thus facilitating the adsorption of water droplets and resulting in a decrease in
the surface hydrophobicity [17].

Fig. 6. Effect of UV light on the WCA and roughness factor of fluorinated Ag/SiO2
layers; (a) fixed time of 30 s and different UV intensities and (b) fixed UV intensity
of 0.11 mW/cm2 at different times.

fluorinated Ag/SiO2 structures on their WCAs. It can be seen that
the WCA values do not change significantly with a variation in
the UV intensity and in the worst case, WCA decreases to 168° at
a UV intensity of 0.27 mW/cm2. However, UV intensity has a
greater effect on the roughness factor, which is defined as the ratio
of area in contact with the liquid and the projected area [16,33].
With an increase in the UV intensity from 0.11 to 0.29 mW/cm2,
the roughness factor decreased from 0.226 to 0.129 and upon further increasing the intensity to 0.9 and 1.9 mW/cm2, the roughness
factor changed from 0.198 to 0.208. The roughness factor has an
inverse relationship with the actual roughness of the fluorinated
Ag/SiO2 layers. Therefore, a higher roughness factor means a lower
actual roughness. These variations in the roughness factor can be
attributed to the variation in the size of Ag NPs on the surfaces
of SiO2. It seems that when the lowest UV intensity is used, the
number of reduced Ag NPs are not enough to cover the SiO2 substrate and the roughness factor is 0.226. With increasing UV intensity, more Ag NPs can be reduced and deposited on the SiO2
substrate and a perfect micro-nano hierarchical structure can be
formed. However, upon further increasing the UV intensity to 0.9
and 1.9 mW/cm2, it is possible that the ultrafine Ag NPs formed
can undergo agglomeration, which reduces their very high surface
energy. This results in a decrease in roughness and an equivalent
increase in the roughness factor.
Fig. 6(b) illustrates the WCA and roughness factor as a function
of the UV irradiation time (30–240 s) at a fixed intensity of 0.11
mW/cm2 (this intensity value was considered to be the optimized
value since at this intensity the fluorinated Ag /SiO2 layers showed
the highest WCA). In this case also the WCAs do not change significantly with changes in the irradiation time. The value of WCA in

Fig. 7. (a) Effect of UV exposure time on the WCAs and sliding angles of the
fluorinated Ag/SiO2 layers and (b) durability of the fluorinated Ag/SiO2 layers in
terms of the WCA and sliding angle.
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3.2.4. Durability
Long-term durability is an important and necessary feature for
the practical application of superhydrophobic surfaces. Therefore,
the long-term stability of the fluorinated Ag/SiO2 layers was evaluated by measuring the WCA and sliding angle at different time
intervals over a 30-day period at room temperature in air (Fig. 7
(b)). A high CA is not always associated with a small sliding angle.
When the roll-off angle is low, the lateral adhesion between the
liquid and solid is also small and a stronger liquid repellency can
be observed. It is evident that changes in the WCA and sliding
angle after 15 days are negligible and the layer maintains its superhydrophobicity. However, after 22 days, even though WCA is still
above 150°, the sliding angle significantly increases. These results
demonstrate the relatively good durability of the fluorinated
Ag/SiO2 layers in normal conditions for 15 days.

3.2.5. Durability of ex-situ and in-situ fluorinated layers in harsh
environments
The demands for the durability of superhydrophobic surfaces in
harsh environments such as low temperatures, sea conditions, and
high temperatures are high, since in such environments, the functional (fluorinated) surfaces can be easily damaged irreversibly,
which results in a loss in the hydrophobicity [24]. Hence, it is necessary to check the stability of fabricated layers in harsh environments. Fig. 8(a) illustrates the durability of the ex-situ
fluorinated Ag/SiO2 layers in harsh conditions. The samples were
kept at 10 °C (refrigerated) for 12 h and then at 35 °C for another
12 h, after which the WCA and sliding angle were measured. It can
be seen that any variation in both WCA and sliding angle is negligible over a period of 30 days. As shown in Fig. 8(b), the WCA and
sliding angle on the first day were 168° and 2°, respectively, and
after 30 days, their values were 164° and 1°, respectively, which
demonstrates the superhydrophobicity of the surface even after
30 days in harsh environments. This indicates the success of the

ex-situ fluorination process. To compare the effects of ex-situ fluorination and in-situ fluorination, in which PFOS was directly mixed
with the sol-gel solution and then electrosprayed, the same experiments were repeated and the results are presented in Fig. 8(c).
However, in the case of the in-situ fluorinated hierarchical structures, the WCA dropped to below 150° just after 10 days while
the sliding angle exhibited a rapid increase. Fig. 8(d) shows that
the initial WCA (168°) and sliding angle (1°) decreased drastically
to 145° and 12°, respectively, indicating the complete loss of superhydrophobicity. This demonstrates that in-situ fluorination is not a
suitable procedure for creating superhydrophobic surfaces. This
may be due to the formation of a lesser number of fluorinated
bonds in comparison with ex-situ fluorination and a possible lower
roughness of the ex-situ fluorinated sample.
Furthermore, the durability of the micro-nano hierarchical
structures was tested in another (water-air) environment. The
samples were dipped in water for 12 h and then at air for another
12 h, after which the WCA and sliding angles were measured. Fig. 9
(a) shows the variations in the WCA and sliding angle in the aforementioned harsh environments for ex-situ fluorinated samples. As
shown, the WCAs are always P165° and the sliding angles do not
exceed 2° at any time during the test period. Fig. 9(b) shows that
the values of the WCA and sliding angle altered from 168° and
<2° to 165° and 2° after 30 days in the harsh environment, which
once again demonstrates the excellent superhydrophobicity of the
ex-situ fluorinated Ag/SiO2 layers. Fig. 9(c) depicts the durability of
the in-situ fluorinated Ag/SiO2 layers in similar harsh environmental conditions. Unlike the ex-situ fluorinated structures, the superhydrophobicity of the in-situ fluorinated layers decreased rapidly,
within just 5 days. After 5 days, the WCA decreased to 148° and the
sliding angle significantly increased to 80°. From these results, it
can be concluded that the in-situ fluorinated layers are incapable
of sustaining harsh environments. Fig. 9(d) depicts the change in
WCA and sliding angle of the in-situ fluorinated layers over a period of 30 days.

Fig. 8. (a) Durability of ex-situ fluorinated Ag/SiO2 layers in harsh environments, where the sample was kept at 10 °C for 12 h and then at 35 °C for another 12 h, (b)
comparison between the WCA and sliding angles on the first day and after 30 days, (c) durability of in-situ fluorinated Ag/SiO2 layers in harsh environments, where the
sample was kept at 10 °C for 12 h and then at 35 °C for another 12 h, and (d) comparison between WCA and sliding angles on the first day and after 30 days.
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Fig. 9. (a) Durability of ex-situ fluorinated Ag/SiO2 layers in harsh environments, where the sample was dipped in water for 12 h and then at air for another 12 h, (b)
comparison between the WCA and sliding angles on the first day and after 30 days, (c) durability of in-situ fluorinated Ag/SiO2 layers in harsh environments, where the
sample was dipped in water for 12 h and then at air for another 12 h, and (d) comparison between the WCA and sliding angles on the first day and after 30 days.

Finally, the ex-situ and in-situ fluorinated Ag/SiO2 layers were
kept at 15 °C (12 h) and then at 150 °C (12 h) to study their 30
days durability in very cold and very hot environments. As shown
in Fig. 10(a), both WCAs and sliding angles change slightly over 30

days for ex-situ fluorinated layer. Fig. 10(b) clearly demonstrates
very small changes of WCAs and sliding angles, where WCA
decreases only 5°, and sliding angle is almost constant (1°) over
a period of 30 days. However, at the same conditions, in-situ

Fig. 10. (a) Durability of ex-situ fluorinated Ag/SiO2 layers in another harsh environments, where the sample was kept at 15 °C for 12 h and then at 150 °C for another 12 h,
(b) comparison between the WCA and sliding angles on the first day and after 30 days, (c) durability of in-situ fluorinated Ag/SiO2 layers in harsh environments, where the
sample was kept at 15 °C for 12 h and then at 150 °C for another 12 h, and (d) comparison between WCA and sliding angles on the first day and after 30 days.
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Fig. 11. (a) Effect of annealing temperature on the WCA of the fluorinated Ag/SiO2
layer (the insets show the shapes of the water droplets). (b) Effect of annealing time
at a temperature of 400 °C on the WCA and the sliding angle of the fluorinated Ag/
SiO2 layer.

fluorinated layer shows significant changes in both WCAs and sliding angles over a 30 days period. As shown in Fig. 10(c) and (d),
after 30 days WCA decreases to 147° and sliding angle increases
to 18°, these values obviously reveal poor durability of in-situ fluorinated layer in very cold and very hot environments.

Fig. 12. XPS spectra of the fluorinated Ag/SiO2 layer before and after high
temperature heat treatment.

3.2.6. Thermal stability
To evaluate the thermal stability of the fluorinated Ag/SiO2 layers, they were annealed at different temperatures from room temperature to 500 °C for 2 h in air and the measured WCAs are shown
in Fig. 11(a). The WCA (170°) remained constant up to 400 °C, indicating the good thermal stability of the micro-nano hierarchical
fluorinated Ag/SiO2 layers. This can be attributed to the high thermal stabilities of silica, Ag NPs, and the fluorinated groups. However, with an increase in the temperature to 500 °C, the
superhydrophobicity was totally destroyed and the WCA dropped
to 0°, with a layer of water completely covering the surface. In
other words, with an increase in temperature from 400 °C to 500
°C, the superhydrophobic surfaces are converted to superhydrophilic surfaces. The significant decrease in WCA by annealing
at temperatures >400 °C can be attributed to several reasons. Ag
NPs can be contaminated at high temperatures; metals NPs are
rapidly contaminated when exposed to air, which reduces their
high surface free energies. It has been reported previously that
the adsorption of organic molecules such as airborne hydrocarbon
molecules on high surface energy metallic NPs can significantly
reduce the surface free energy [5]. Airborne hydrocarbon molecules can be found almost everywhere and are easily adsorbed
onto metallic surfaces [5]. Agglomeration of Ag NPs takes place
at high temperatures leading to the formation of larger particles,
thus effectively destroying the micro-nano hierarchical structure.
Instead, micro-micro hierarchical structures are produced, resulting in a significant decrease in the surface roughness. Furthermore,
Ag2O or AgO can be formed, due to which the surface of the Ag NPs
becomes susceptible to oxidation and results in the formation of a
silver oxide layer on the NP surface. Apart from all these factors,
evaporation of the fluorinated layer may also take place.
From the thermal stability results, 400 °C was chosen to be the
most optimum temperature for further studies. To study the effect
of aging time at this temperature, the fluorinated Ag/SiO2 layer was
kept at 400 °C for 20 h and the change in the WCA was monitored
as a function of time (Fig. 11(b)). It can be observed that the WCA
remains constant up to 10 h without any changes. With further
increase in the aging time to 15 h, the WCA decreases to 154°.
However, after 20 h, the WCA decreases significantly to 88° and
the hydrophobicity of the layer is destroyed. The reasons for such
degradation in the superhydrophobicity are similar to the ones
described earlier to explain the effect of temperature on the
hydrophobicity of the fluorinated layers.
To analyze the effect of the thermal treatment on the surface
properties, XPS was performed. Fig. 12 compares the XPS spectra
of the F 1s core-level before and after the heat treatment. The peak
positioned at 689.07 eV can be assigned to the CAF bonding in
PFOS, which is responsible for the fluorination of the Ag/SiO2 layer.
After the heat treatment, this peak disappears, thus confirming the

Fig. 13. Comparison between the WCA and oil CA of the fluorinated Ag/SiO2 layer.
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evaporation of PFOS and consequent loss of hydrophobicity after
the heat treatment at high temperatures.
3.2.7. Superoleophobicity
Superoleophobic surfaces are extremely rare in nature [4] and
the fabrication of superoleophobic surfaces is by far less reported
than superhydrophobic surfaces. Fig. 13 compares the superoleophobicity and superhydrophobicity of fluorinated Ag/SiO2 layers;
an oil CA of 158° and a WCA of 170° are obtained. This observation
proves that that the fluorinated Ag/SiO2 layers can be termed as
superamphiphobic layers. As stated previously, oils generally have
a lower surface tension as compared to water [34] and the surface
tension at the interface between oil and air (<30 mN/m [35]) is
much lower than that between water and air (72.3 mN/m). Thus,
it is very difficult to have both superoleophobic and superhydrophobic properties in a single structure.
4. Conclusions
In summary, a facile two-step method was utilized to fabricate
superhydrophobic fluorinated Ag/SiO2 layers. Rough SiO2 layers
were prepared by the electrospraying deposition technique. Subsequently, Ag NPs were deposited on the SiO2 layers by UV irradiation, after which the layers were fluorinated. FE-SEM and XPS
analyses confirmed the formation of fluorinated and highly rough
micro-nano hierarchical structures. The surface fraction and work
of adhesion of the superhydrophobic layers were determined using
related equations. The synthesized layers exhibited excellent liquid
repellency towards various liquids such as coffee, milk, juice, glycerol, and water. Furthermore, the high oil CA (158°) of these surfaces demonstrates their superoleophobic characteristics. The
effect of UV irradiation intensity and time during the deposition
of Ag NPs and the durability of the ex-situ and in-situ fluorinated
Ag/SiO2 layers in normal ambient conditions and harsh environments were studied. In addition, the ultraviolet resistance and
the thermal stability of these layers were investigated. Overall,
the results prove that we successfully fabricated a novel micronano hierarchical fluorinated Ag/SiO2 structure with excellent
superamphiphobic properties, which can potentially be used for
advanced applications such as self-cleanable surfaces.
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