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Abstract

The superhydrophobic and superhydrophilic surfaces and their transitions are of great
interest for the production of self-cleaning, anti-biofouling, or corrosion-resistant materials. This
work reports the wettability transition from superhydrophobic to superhydrophilic SiO,
nanoparticles functionalized with 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (POTS) and
induced by temperature. The functionalization of these nanoparticles was confirmed by Fourier
transform infrared spectroscopy, X-ray photoelectron spectroscopy (XPS), and transmission
electron microscopy. The functionalization of SiO, nanoparticles with POTS resulted in
superhydrophobic surfaces with water contact angles up to 157°. A sudden transition to
superhydrophilic behavior with water contact angles (WCA) below 5° was observed when the

sample was heat-treated at 500 °C, despite the presence of fluorine on the surface of these
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nanoparticles, as confirmed by XPS and transmission electron microscopy. XPS suggested that the
transition was caused by the change in orientation of the fluoroalkyl molecules and its partial
decomposition due to the loss of the -CF; group, resulting in shorter chains with a tail-end group

with C-O bonds, which promoted the superhydrophilicity.
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1. Introduction

The control of superwettability of solid surfaces is of great interest to the nuclear and
renewable energy industry due to the versatility of applications such as anti-corrosion, anti-icing,
drag reduction, self-cleaning, antibacterial, and anti-biofouling [1-7]. Because the wettability of a
solid depends on the morphology and chemistry of its surface [8], it is possible to obtain
superwettability properties such as superhydrophobicity, in which the WCA is >150°, or
superhydrophilicity, in which the liquid droplet spreads over the surface with a WCA less than 5°
[9, 10]. Although hydrophobicity and hydrophilicity are opposite properties, the transition between
them can occur. This type of surface transition has been reported mainly on transition-metal oxide
surfaces such as ZnO, CuO, and WOs;, as well as aluminum coated with polydimethylsiloxane,
silicon coated with poly(N-isopropyl acrylamide), and in Al,Os/silica (SiO;) fiber membranes [5,
9-14]. In some cases, this transition occurs because of adsorbed contaminants on the surfaces,
surface degradation, or a change in the chemical composition in response to stimuli such as light,

electricity, temperature, and pH [3, 14, 15].

Silica (Si0,) is a ceramic material widely used for the manufacture of surfaces that are by
nature hydrophilic due to the high density of Si-OH groups. However, these surfaces can undergo

a transition to superhydrophobic when the temperature is increased between 700 and 800 °C,



because these groups react with each other, giving rise to Si-O-Si bonds, which are hydrophobic
[16, 17]. Another way to control the wettability of SiO, is through its surface chemistry during its
synthesis because a surface with a greater number of Si-(CHj); groups can be obtained by
controlling the molar ratio between trimethylethoxysilane and tetraethoxysilane (TEOS) during

Si0, synthesis, obtaining a WCA of 151° [18].

Additionally, the functionalization of Si0, with molecules such as hexadecyl polysiloxane,
(3-amino-propyl)triethoxysilane, chlorotrimethylsilane, and dichlorodimethylsilane has been
widely used to obtain superhydrophobic surfaces because these molecules significantly reduce the
surface energy [19-22]. Superhydrophobic surfaces can also be obtained using fluoroalkyl silanes
since the presence of the -CF3 group reduces the surface energy to 6.7 mJ/m? [23]. For example,
Liu et al. reported the functionalization of a glass substrate with heptadecafluoro-1, 1, 2, 2-
tetrahydrodecyltrimethoxysilane that showed a WCA of 169° [24], whereas 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane, used for the functionalization of SiO, nanoparticles, had a WCA of
161° [25]. On the other hand, chain orientation has also been reported to affect the wettability of
the POTS functionalized surface, since the packing of the -CF3 groups in the outermost layer of the
coating was modified until reaching a WCA of 123° [23]. Although fluoroalkyl silanes are effective
for the production of superhydrophobic surfaces, it has been observed that they can decompose at
low annealing temperatures. For example, Yang et al. studied the thermal stability of a monolayer
of POTS on a SiO; substrate with a WCA of 108° before heat treatment and noted its decomposition

at an annealing temperature of 100—150 °C and the loss of the -CF, and -CF; groups [26, 27].

In this work, the temperature-induced surface transition of SiO, nanoparticles functionalized
with a fluoroalkyl silane molecule was studied. The SiO, nanoparticles were synthesized by the

sol-gel and functionalized with POTS and deposited on a glass frit. These coatings produced a



WCA of 157°; however, after heat treatment at 500 °C, the surface transitioned to superhydrophilic
with a WCA of <5°. This transition was correlated to the partial loss of fluorine in the form of CF;-
CF,, CF,-CF,, and CF,-CH; and the subsequent formation of C-O bonds as observed by X-ray
photoelectron spectroscopy (XPS), in addition to the change in orientation of the POTS molecules

due to its degradation.

2. Experimental

2.1 Materials preparation

The SiO, nanoparticles were produced using TEOS (98%, Sigma-Aldrich), hydrochloric
acid (28.3%, Fraga Lab), deionized water, ethanol (99%, Sumilab), and ammonium hydroxide
(NH4OH, 28.3%, Jalmek) [28]. Initially, 4 ml of ethanol were mixed with 4 ml of deionized water,
5 ml of TEOS, and stirred for 20 min. Subsequently, 2 ml of hydrochloric acid was added,
continuing the stirring for 5 min. Then 2 ml of NH4OH were added, leaving it under stirring for 2
h at 60 °C. The powders were then separated by centrifugation with ethanol, using a molar ratio of

0.3 at 2000 rpm. Finally, the powder was dried at 80 °C for 24 h and milled in an agate mortar.

The Si10, nanoparticles were functionalized using POTS (98%, Sigma-Aldrich). Initially,
34 ml of toluene (99.8%, Sigma Aldrich) and 22 ml of dichloromethane (99.5%, Jalmek) were
mixed in a three-necked round bottom flask with 4 g of S10, nanoparticles and left under stirring
for 15 min. Subsequently, 1 ml of POTS was added dropwise. The mixture was left under constant
stirring for 20 h and then centrifuged at 4000 rpm. The nanoparticles were washed three times with
dichloromethane using a molar ratio of 0.5 at 4000 rpm. The washed particles were finally dried at
60 °C for 24 h. The POTS functionalized nanoparticles (NPOTS) were deposited over a glass frit,

using 1 pg of NPOTS sprayed over an area of 6 cm?. All the samples prepared had the same amount



of material per area. Finally, the samples were heat-treated for 1 h in air at 200, 300, 400, and 500

°C with a heating ramp of 10 °C/min.
2.2 Characterization

The SiO, nanoparticles were characterized by scanning electron microscopy using a Phillips
XL30SEM microscope and by transmission electron microscopy (TEM) using a JEOL JEM F200.
Particle size was measured using the software ImageJ. The functional groups were characterized
by Fourier transform infrared spectroscopy (FTIR) in a PerkinElmer Frontier FTIR/NIR, which has
an accessory of diffuse reflectance from 4000 to 400 cm!, a resolution of 4 cm’!, and an
accumulation of 30 sweeps. Additionally, samples were characterized by XPS Thermo Scientific
K-Alpha with a 1.9 x 10”7 mbar vacuum chamber and an aluminum anode as X-ray monochromatic
source with a radiation energy of 1486.68 eV, and calibrating the binding energy using the carbon
energy at 284 eV. Thermal stability was evaluated by thermogravimetric analysis (TGA) in a TGA
thermal analyzer (TA Instruments, model SDT Q600) with argon atmosphere and a heating rate of
10 °C/min. The contact angles were measured using an in-house-built goniometer based on the
ASTM E 165-95 norm “Standard Test Method for Liquid Penetrant Examination”, and Imagel
software was used for the WCA measurement [29]. Finally, the surface area was measured by the
Brunauer—-Emmett-Teller (BET) analysis with an Autosorb iQ Series from Quantachrome

Instruments with nitrogen gas.
3. Results and Discussions
3.1. Characterization of SiO, nanoparticles

Figure 1 shows the FT-IR spectrum of the SiO, nanoparticles obtained by sol-gel. A broad and

intense band is observed at 3148 cm’!, corresponding to the stretching vibrational modes of -OH,



which could be attributed to the Si-OH group [30]. Two bands at 3032 and 2812 cm™! were also
observed, which could be assigned to the symmetric and asymmetric vibrational modes of the
methyl group (-CHj3), probably originating from the —SiOCHj; group (Figure S1) [31]. At 1632 cm-
I, a band corresponding to the flexion vibrational mode of water was also observed [22].
Additionally, the band at 1403 cm™! was also assigned to the flexion vibrational mode of the -CH;
group [32]. Furthermore, at 966 cm™!, a band could be observed corresponding to the Si-OH group.

Finally, the bands at 796 and 468 cm! could be attributed to the asymmetric stretching vibrational

mode of the Si-O-Si group [18, 31].
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Figure 1. FTIR spectrum of SiO, nanoparticles synthesized by sol-gel.

Figure 2 shows the TEM micrographs of the SiO, nanoparticles produced. The
nanoparticles were mostly spherical with a diameter between 20 and 160 nm. Figure 2b shows that
the nanoparticles were partially aggregated with a surface area of 85.31 m?/g, which is higher than
the value reported by Diedrich et al., who synthesized SiO, nanoparticles with a diameter of 101

nm and a surface area of 57 m?/g [33].
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Figure 2. TEM micrographs of SiO, nanoparticles synthesized by sol-gel and their particle size

distribution.
3.2. Functionalization of SiO, Nanoparticles

Figure 3a shows the FTIR spectra of SiO, nanoparticles functionalized with POTS
(NPOTS). The bands previously described corresponding to the SiO, nanoparticles at 3139, 2989,
2898, 1404, 1078, 955, 801, 452 cm! were maintained. Additionally, the signal corresponding to
the Si-O-Si group at 1078 cm™!' had a more pronounced shoulder, possibly caused by the presence
of a new band close to 1200 cm’!, where the vibrational modes of the stretching and wagging for

8



the -CF bonds are present [25, 32, 34]. Notably, the intensity of the -OH group at 3139 cm™! also

decreased, possibly due to the interaction between the SiO, nanoparticle and the POTS molecule

because the functionalization occurs on this functional group [35].
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Figure 3. a) FT-IR spectra of as-produced functionalized nanoparticles with POTS (NPOTS) and

b) High-resolution XPS spectra of the Cls region of NPOTS.

Figure 3b depicts the high-resolution XPS spectra of the Cls region for NPOTS without

heat treatment, showing the presence of C-F bonds and thus confirming the functionalization of the

Si0O, nanoparticles with fluoroalkyl silanes. As can be observed in Figure 3b, the bands associated

with the C-C, C-0O, CF,-CH,, CF,-CF,, and CF;-CF, bonds were present at 285.1 £0.3, 287.1 £0.4,

289.4 +£0.2, 292.0 £0.4, and 293.1 +0.3 eV, respectively [30] (see Figure S2 for the structural

representation of the POTS molecule). Table 1 shows that the C-C bond had a content of 73.3%,

and the C-O bond content was 18.0%, whereas the CF,-CH, and CF,-CF,, and -CF3 bonds

belonging to the POTS fluoroalkyl silane chain had concentrations of 6.9, 0.6%, and 1.2%,

respectively [26, 31].



Table 1. Quantification of bonds by XPS on the surfaces coated by NPOT without heat

treatment.
C-C C-O0 CF,-CH, CF,-CF, CF;5-CF,
NPOTS 73.3 18.0 6.9 0.6 1.2

3.3. Wettability transition

Si0, nanoparticles without any functionalization had a water contact angle of 28.9° £3.3°
(Table 2 and Figure S3). A considerable increase in WCA was observed when the SiO,
nanoparticles were functionalized and heat-treated at 200 °C, reaching values of 157 © (Table 2 and
Figure S4a). These values were similar to the ones reported by Wu et al., who obtained values of
161° [25]. This superhydrophobic behavior was attributed to the fluorine atoms present in the
molecules of the fluoroalkyl silanes, as they tend to provide a low-surface-energy of 6.7 mJ/m?
because of the ordering of the fluoroalkyl silanes with their molecular axis perpendicular to the
Si0, surface [1, 24, 34].

Table 2. Water contact angle of NPOTS heat-treated at 200, 300, 400, and 500 °C.

200 °C 300 °C 400 °C 500 °C

NPOTS 157°+4.3 157°+£7.5 159° £ 4.7 <5°

Table 2 shows that the superhydrophobicity of this material was maintained when samples
were heat-treated up to 400 °C by maintaining a WCA of around 157-159°. However, when the
sample was heat-treated at 500°C, its WCA dropped to less than 5° (superhydrophilic) because

measuring the WCA was no longer possible since the droplet quickly spread (Figure S4b).

Figure S5 shows the FTIR spectra of the surface coated with the functionalized

nanoparticles after heat treatment at 200 °C (Figure S5a) and 500 °C (Figure S5b). It can be seen
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that after heat treatment the nanoparticles remained functionalized because the band at 1090 cm!
can still be observed. This band corresponds to the Si-O-Si bond from the core of the nanoparticle
of Si0,. However, as previously mentioned, this band seems to overlap with another band at ~1078
cm-!, which is related to the -CF bonds (See Figure 3) [35].

Figure 4 shows the TEM micrograph and elemental mapping of NPOTS heat-treated at
500 °C. The elemental mapping shows the presence of Si, O, C, and even F. TEM showed that the
samples transitioned from superhydrophobic to superhydrophilic even when F was retained on the
sample. Because the presence of F is considered to be the origin of the superhydrophobicity of this

type of particle, further tests were performed to understand the origin of this wettability transition.
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Figure 4. Micrographs and elemental mapping obtained from TEM showing the distribution of

the elements in NPOTS heat-treated at 500 ° C.

The thermal stability of the functionalized particles was also evaluated by TGA. Figure 5

shows the TGA curve of NPOTS, where a weight loss of 40% at 160-262 °C was observed.
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Previous studies have suggested that between 30 °C and 200 °C a weight loss occurs due to water
desorption; however, the loss of molecule fragments with low cross-linking has also been reported
[36, 37]. Therefore, this weight loss could be attributed not only to the desorption of water but also
to the loss of -OH groups from the SiO, that were not functionalized [33, 36]. Additionally, a 5%
weight loss was observed up to 522 °C, which could be due to the breakdown of the fluoroalkyl
silane. Previous reports have suggested that these molecules start their decomposition around 300
°C at the methylene chain [27, 37]. Although it has been suggested that most fluoroalkyl silanes
decompose at around 497 °C [36], the results of the authors’ study show that the NPOTS continued
its decomposition up to 522 °C, which could explain why at 500 °C the sample still contained F as

observed by TEM in Figure 5.
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Figure 5. Thermogravimetric curves of NPOTS.

Figure S6 shows the wide XPS spectra of the as-produced, and heat-treated NPOTS at 200

and 500 °C. The presence of silicon (Si 2p/2) can be observed in the region of 100-103 eV—carbon
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(C 1s) between 284-286 eV, oxygen (O 1s) in 531-534 eV, and fluorine (F 1s) in 686689 eV.
The presence of Si and O is attributed to the SiO, nanoparticles, whereas C and F originate from
the POTS molecule [28, 38]. Figure 7 shows the high-resolution XPS spectra of the Cls region of
NPOTS heat-treated at 200 and 500 °C. NPOTS particles heat-treated at 200 and 500 °C (Figure 7
and Table 3) showed a very similar C-C bond concentration of 90.5% and 85%, respectively.
Conversely, the C-O bond showed a decrease after being heat-treated at 200 °C from 18.0% to
3.8%, compared with the as-produced material, but it had a slight increase when heat-treated at 500
°Cup to 10.6% C-0O. On the other hand, the CF,-CH, bond decreased from 6.9% to 4.2% and 4.1%,
when heat-treated at 200 and 500°C. Additionally, the CF;-CF, bonds almost disappeared as the
sample was heat-treated at 500 °C. Furthermore, the F1s region (Figure S7) showed that the two
bands at 686 eV which correspond to the (-CHFCH;)n bonds [38] and the band at 690 eV, which
is attributed to the (CF,-CF;)n bonds, shifted toward 691 eV after the sample was heat-treated at
200 and 500°C [27, 39, 40]. This displacement was also reported by Hattori et al., who observed
the band’s displacement from 686.1 to 688.7 eV due to the increase in temperature from 30 to 200°
C [41]. Finally, at 500 °C, only one band at 691 eV (Figure S7¢) was observed, which is assigned
to the covalent F [39] probably due to the decomposition of the fluoroalkyl silane that result in a
shorter chain (CF,-CF;)n. This behavior was also reported by An et al., who observed the band

displacement to 691 eV when the sample was heat-treated above 200° C [39].
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Figure 7. High-resolution XPS spectra of the Cl1s region of NPOTS, heat-treated at a) 200 °C

and b) 500 °C.

Table 3. Quantification of bonds by XPS of NPOTS. Without heat treatment and treated at 200

and 500 ° C.
C-C C-O0 CF,-CH, CF,-CF, CF;-CF,
NPOTS 200 °C 90.5 3.8 4.2 0 1.4
NPOTS 500 °C &5 10.6 4.1 0 0.3

These results suggest that the heat treatment, even at temperatures up to 500 °C, did not
result in the total desorption of the fluoroalkyl chain since F was detected by TEM and XPS.
Instead, the POTS molecules suffered from a partial decomposition by losing primarily the
CF;-CF; groups. Furthermore, the shift in the position of the (CF,-CF;)n band suggests that the
molecule also changed in orientation and possibly was no longer in a perpendicular position with
the SiO, nanoparticle, as suggested by Cai et al. [23]. This partial decomposition is similar to that

reported by Yang et al. and Fréchette et al. [26, 27]. Additionally, although it has been reported
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that most fluoroalkyl silanes decompose at around 375 °C, some -CF, groups can remain stable up
to 700 °C [36]. This shortening of the fluoroalkyl chain is of great relevance for the wettability of
the surface because longer chains tend to be more hydrophobic. For example, Hozumi et al.
observed that a fluoroalkyl silane with seven -CF, groups and the tail-end group -CF; achieved a
WCA of 112°, whereas a fluoroalkyl silane without -CF, groups but still with the tail-end group -
CF; achieved a WCA of 86° [31, 42]. Therefore, the reduction in WCA and the transition from
superhydrophobic to superhydrophilic could be partially explained by the partial decomposition of
the fluoroalkyl silane molecule and its change in orientation, because the -CF; bond (lost at 500°C),
the length of the -CF, chain, and the orientation of the molecule are important to achieve a
superhydrophobic behavior. However, although a reduction in WCA could have been expected,
the reach of a superhydrophilic behavior with the presence of F is still not clear. XPS suggests that
at 500 °C, the surface of the particles increased their content of C-O bonds, which could be
attributed to the partial oxidation of the molecule. It is possible that this increase in hydrophilic
bonds could be partially responsible for the increase in hydrophilicity, since they are capable of
increasing the surface energy and form hydrogen bonds with water [43, 44].

On the other hand, Figure 8 shows the impact of heat treatment on the microstructure of
NPOTS. Figure 8a shows that at 200°C the nanoparticles were agglomerated most likely due to the
presence of the fluoroalkyl silane, which resulted in the formation of a rough surface with pores
from 200 nm to several micrometers. However, as the sample was heat-treated at 500 °C (Figure
8b), the nanoparticles appeared to be more clearly defined, most likely due to the partial
decomposition of the POTS molecules, while maintaining a rough surface. Therefore, it is likely
that the transition from superhydrophobic to superhydrophilic could be related to the change of

surface chemistry (an increase of C-O and Si-O bonds) while maintaining a rough surface that
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would promote the formation of a stable Cassie-Baxter state, which favors extreme wetting

conditions (superhydrophobic and superhydrophilic) [45, 46].

e

Figure 8. SEM micrographs of SiO, nanoparticles functionalized with POTS after heat

treatment at (a) 200 and (b) 500°C.

4. Conclusions

The functionalization of SiO, nanoparticles with the POTS molecule results in
superhydrophobic surfaces with a WCA of 157°. However, the transition to a superhydrophilic
surface was achieved as the sample was heat-treated up to 500 °C. At this temperature, the bonds
CF,-CH,, CF,-CF,, and CF3-CF, are gradually lost, which results in a shorter chain that loses its
superhydrophobic properties. The results of this study show that although the full decomposition
of POTS occurs up to 522 °C, the molecule possibly undergoes oxidation because XPS detected
an increment in C-O bonds by 10.6%. Additionally, SEM images showed that even at 500°C the
surface roughness of the material was maintained. Therefore, it is likely that the superhydrophobic
to superhydrophilic transition originated from a change in surface energy induced by the presence
of more C-O and Si-O bonds, in conjunction with a rough surface, which promoted a stable Cassie-

Baxter state.
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