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                           เอกสารแนบหมายเลข 2 
 

Abstract  
 
Project Code: TRG5880154 
 
Project Title: A Novel Route to Synthesize Ultra-Oleophobic Mesoporous Silica 
Nanoparticles 
 
Investigator: Dr. Sirinya Chantarak  
Department of Materials Science and Technology 
Faculty of Science, Prince of Songkla University 
 
E-mail Address: sirinya.c@psu.ac.th 
 
Project Period: 2 years 
 

Mesoporous silica nanoparticles (MSNPs) have been used in variety of 
applications due to their morphology and porous structure. This work reports the one-pot 
synthesis of ultrahydrophobic MSNPs using N-cetyl-n,n,n-trimethyl ammonium bromide 
as a cationic surfactant template and ethanol (EtOH) as a cosolvent to form mesopores 
in the MSNPs. The effects of EtOH on the size and the pore structure of the MSNPs 
were studied by scanning electron microscopy and transmission electron microscopy. 
The results show that an addition of EtOH led to an enlargement of the MSNPs and a 
change in pore structure from a lamellar structure to a radially oriented structure. Co-
condensation with two different types of fluoroalkyl silanes; trimethyl(fluoromethyl)silane, 
and trichloro(1H,1H,2H,2H-perfluorooctyl)silane provided low surface energy MSNPs 
with a core-shell structure. An assembly on the surface of these F-MSNPs generated 
nanostructure surface roughness rendering an improvement in surface wettability with 
water contact angle of 158.6°, which is a characteristic of oleophobic and 
ultrahydrophobic material. 
 
Keywords: Silica nanoparticle; Core-shell; Porous material; Hydrophobic; Self-assembly 
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Introduction to the research problem and its significance 

During the past few years, touch-screen technologies have been developed 
rapidly to enable a variety of devices including tablet computers, smart phones, and 
automatic navigation systems. One of the crucial problems of a touch-screen display is 
the remaining of fingerprints that hinders clarity and reducing sensitivity of the screen. 
These fingerprints are evidence of human secretion containing triglycerides, wax 
monoesters, and fatty acids.1 

To characterize anti-fingerprint properties of the surface, contact angles of water 
and n-hexadecane droplets are measured giving hydrophobicity and oleophobicity of the 
surface, respectively. The contact angle is calculated from Young’s equation as shown 
in Figure 1 and equation (a).  

 

                   

 

Figure 1. Schematic of contact angle measurement2 
 

γsv = γsl + γlv cos θ                  ---------- (a) 

θ is the contact angle, γsl is the solid/liquid interfacial free energy, γsv is the solid 
surface free energy, and γlv is the liquid surface free energy.2  

Wu et al. reported results of human fingerprint tests that the surface is free from 
fingerprint traces when the contact angle is greater than 88°.3 Typically, hydrophobic 
surfaces have a contact angle above 95°, whereas oleophobic surfaces have a higher 
contact angle in the range of 105-120°.4 For super-hydrophobic surfaces, a water 
contact angle is greater than 150° with a sliding angle of water droplet less than 5°.5 

Several research groups have been focusing on mimicking surface morphology 
to lotus leaf, Nelumbo nucifera, in order to enhance hydrophobicity of the surface.6 A 
combination of surface chemistry and roughness provides super hydrophobic property of 
the surfaces. However, this type of surface fails to repel oils or any liquids with low 
surface tension such as octane (lv = 21.6 mN/m), decane (lv = 23.8 mN/m), and 
hexadecane (lv = 27.5 mN/m). Such oils easily spread rapidly across the surfaces with 
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a contact angle of 0°.7,8 In typical, the surface energies of water and oil are 72 mN/m 
and ~ 20 to 40 mN/m, respectively.1 To prepare fingerprint-free substrates, an 
oleophobic treatment is required to obtain a surface energy less than 20 mN/m. 

 Fluoroalkyl compounds are common chemicals with low surface energies, 10 – 
15 mJ/m2.9 Chemical surface treatment with these compounds generates a fluorocarbon 
based thin-film providing oleophobic characteristic, as shown in Figure 2. 
 

 
Figure 2. Illustration of fluoroalkylsilane functionalized poly(vinyl alcohol) substrate9 

 

The surface coating with fluoroalkyl thin film is simply achieved by immersion of 
a substrate containing hydroxyl groups into a fluorinated silane solution. This method 
improve the water contact angle not greater than 125° while the roughness of the 
substrate is preserved as confirmed by AFM.9 Surface roughening has reported to 
increase the water contact angle since it is strongly influenced by the geometry, as 
shown in Figure 3 and Table 1. In order to perform super-hydrophobic and oleophobic 
characteristics, the contact angle of water droplet needs to be greater than 150°.3 

 

 
Figure 3. Images of water droplets on (a) fluorinate-coated glass and  

(b) SiO2 sphere arrays10 
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Table 1. Comparison of surface tension and contact angles of variable oils on smooth 
and rough surfaces11,12 

 
 

Wenzel and Cassie-Baxter are two theories used to describe the wettability of a 
surface, as shown in Figure 4.13,14 The former assumes that the liquid completely wets 
the flat surface, whereas the later assumes that the liquid rests on the peaks of the 
rough structures. The rough surfaces exhibit hydrophobic and oleophobic properties due 
to trapped air within the voids of the texture. These voids repel the liquid from fully 
wetting the composite surface.8,15,16 

 

 
 

Figure 4. Wetting diagram described by Wenzel and Cassie-Baxter models11,17 

 

However, the surface modification by surface roughening and chemical 
treatment results in reduction of the optical transparency of the substrates. The 
drawback of these techniques is not suitable for anti-fingerprint applications of the 
touch-screen technologies. The goal of this research is to develop coating materials that 
can provide super hydrophobic, super oleophobic properties with high transparency. 
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Literature review 

Formation of surface roughness  

Several techniques have been reported to generate nano-scale surface 
roughness that maintains the optical transparency over 90% in the region of visible light. 
Tadanaga et al. prepared nano-pores on hydrophobic alumina films by boiling alumina 
sheets in water generating flowerlike structures that rendered super-water-repellent 
behavior with a contact angle of 165°.17,18 Irregular topography in nanoscale produced 
from recrystallization of polymer solutions on substrates was reported by Erbil et al. and 
Onda et al. to perform a water contact angle as high as 174°.19,20 Evaporation of a 
polymer solution under humid conditions was reported Yabu and Shimomura to yield a 
honeycomb-like surface with tunable pore size by controlling the humidity and the size 
of water droplets on the wet film.6 Si substrates etched by photolithography with 
combination of chemical etching and deep reactive ion etching was also reported by 
Tuteja et al. and Cao et al. to provide super-hydrophobicity.7,16 Two-stage surface 
roughening of substrate such as nanopillar structures on micro-roughening surface was 
reported to exhibit super-hydrophobic and ultra-oleophobic properties with an oil contact 
angle over 100°, as shown in Figure 5.21,22,23 However, all the techniques that have 
been mentioned above require sophisticated equipment, high cost of processing, and 
have limitation on exposed surface area which is not suitable for industrial scale. 

 

 
 

Figure 5. AFM (a) and SEM (b) – (d) images of surfaces after two-stage roughening 
process21,22,23 

  

Layer-by-layer assembly of nanoparticles is another method that has been 
reported to create surface roughness at relatively low cost and on large scale. A crucial 
limitation of this technique is that the size of particles and the thickness of the assemble 
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nanoparticle layer have to be controlled in order to maintain the optical transparency of 
the substrates.1,8,15,24,25-26  

  
 

Figure 6. Dependence of water contact angle on the size of SiO2 particles10 

 

Altering the size of the particles affects surface topography and water contact 
angles, as shown in Figure 6. The contact angle of water is significantly affected by the 
size of the particles on the surface due to the size of cavities or surface roughness 
generated from the assembly of the particles. The difference in diameter of particles 
provides different a contact area to the water droplet as explained by Wenzel model, 
and different size of voids for air trapping explained by Cassie model. These are the 
important factors that improve the hydrophobic and oleophobic properties of the 
surfaces. In the case of Cassie-Baxter’s theory, φs is calculated from equation (b) as 
shown below 

 

           ---------- (b) 

 

where Sp is projected area and Sc is contact area of the water droplet, respectively. 
Closed-packing assembly of large particles provides a large cavity for air-trapping, and 
high surface curvature which increases a floating force against the liquid droplet at the 
interface.10 
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Mesoporous nanoparticles 

Recently, only a few methods were reported for preparation of mesoporous 
nanoparticles. The first method is aerosol-based processing where structures within the 
particles can be created to hexagonal, cubic, or vesicular morphologies by controlling 
the evaporation rate and interfacial-induced self-assembly of the aerosol droplets within 
the heating chamber, Figure 7.27,28 Although this method can provide variable internal 
structures of the particles, it requires a complicated equipment which contains atomizer 
and drying tube with different heating temperatures. 

 

 
 

Figure 7. Diagram of aerosol reactor and mesoporous silica particles27 

 

The Second method is spray drying of solution containing two types of particles. 
Iskanda et al. prepared porous silica particles from mix solution of silica and polystyrene 
latex colloids. This co-solution was atomized to form micrometer-sized droplets. The 
droplets were transferred to a drying reactor with different heating zones to evaporate 
solvent, decompose styrene phase, and cure the silica phase. Porous silica particles 
with hexagonal packing of particles, Figure 8, were obtained after passing through this 
equipment.29 
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Figure 8. SEM images of porous silica particles after removal of polystyrene latex 

phase29 

  

The third method is synthesis of particles using template. Mao et al. reported 
synthesis of porous silica microspheres using sol-gel process in the presence of CaCO3 
porous particles as solid templates.30 The template was further removed by dissolution 
with hydrochloric acid after polymerization resulting in porous silica particles, Figure 9.  

 

 
Figure 9. SEM (a) – (c) and TEM (d) images of porous silica particles synthesized from 

CaCO3 porous particles as solid templates30 

 

The goal of this work is to prepare ultra oleophobic and super hydrophobic 
surfaces by generating dual morphology of surface roughness using mesoporous 
nanoparticles. The diameter of the assemble nanoparticles will control a contact area to 
water droplet, whereas the pore size will control amount of trapped air within the voids. 
From the literatures mentioned previously, the mesoporous particles were prepared from 
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methods that required sophisticated or special-built instrument, which is not a cost-
effective technique for industrial scale. Moreover, calcination at extremely high 
temperature is needed which is an energy consumption process.  

 

Objectives 

1. To develop a novel route that is simple and cost-effective for synthesis of 
mesoporous silica nanoparticles  

2. To develop surface coating technique using mesoporous silica nanoparticles as 
coating material that provides super hydrophobic and ultra oleophobic properties 
with high transparency  

3. To perform a pilot study of using mesoporous silica nanoparticles in controlled 
drug release applications 

 
Methodology 
Synthesis of mesoporous silica nanoparticles using emulsion polymerization 

Surface roughening was reported to increase hydrophobicity of the surface, 
however, the transparency of the substrate decreases due to Mie scattering. The 
challenge of this research is to create rough features performing ultra oleophobicity and 
super hydrophobicity while the optical transparency of the substrates is maintained. In 
this research, a simple and low-cost method (i.e. control assembly of mesoporous silica 
nanoparticles, as coating materials) was conducted to generate dual morphology of the 
surface roughness.  

The mesoporous silica nanoparticles were synthesized using an organic 
template method in a water/oil mixture.33 Briefly, surfactant molecules, 
cetyltrimethylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS), were used to 
form micelles in water/oil solution. The size of micelles was varied depending on type of 
surfactant. After the step of micelle formation, hydrolytic condensation of 
tetraethylorthosilicate (TEOS, silica monomer) and co-monomer such as styrene 
monomer or methyl methacrylate monomer was added. These two types of monomer 
were trapped inside the micelles forming co-monomer droplets. The polymerization was 
proceeded by addition of initiator yielding composite of silica/polystyrene (PS) or 
silica/poly(methyl methacrylate) (PMMA) nanoparticles. Removal of polymer phase was 
reported by several research groups using calcination at high temperatures, typically 
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greater than 500˚C, inside sophisticated instrument. However, the aim of this work is to 
develop the technique that is simple, low cost, and doable with simple apparatus for a 
large scale. Therefore, the co-polymer phase, i.e. PS or PMMA, was removed using 
chemical treatment or dissolution in a specific solvent such as toluene, tetrahydrofuran, 
or dilute hydrochloric acid to obtain the mesoporous silica nanoparticles, as shown in 
Figure 10. The solvent after template removal can be re-purified by simple distillation 
and re-use within the process. With this technique, the chemical structure of the 
surfactant, pH of solution, ionic strength of surfactant molecules, temperature of 
synthesis, monomer/co-monomer ratio, were crucial factors that controlled the size of 
the nanoparticles. The size and structure of mesoporous nanoparticles before and after 
removal of template were characterized using Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy TEM). 

 

 
 

Figure 10. Illustration shows mesoporous nanoparticle synthesized from emulsion 
polymerization 

 
Functionalization of mesoporous silica nanoparticles 

To achieve super hydrophobic and ultra oleophobic surface, post chemical 
functionalization with fluorinated silanes was performed. The fluorinated silanes provide 
low surface energy, typically less than 20 mJ/m2, to water contact angle that leads to 
anti-wettability surfaces. In this work, the mesoporous silica nanoparticles after template 
removal were functionalized with fluorinated silane to enhance the hydrophobicity and 
oleophobicity of porous surfaces.5,24,31 The process of fluorinated functionalization of 
silica nanoparticles was approached by co-polymerization of silanes or post chemical 
modification to the surfaces by formation of fluorinated thin film, Figure 11. The 
thickness of fluorinated thin film and type of fluoroalkyl silane were studied to optimize 
surface properties in both hydrophobicity and transparency. The mesoporous silica 
nanoparticles were characterized before and after functionalization with fluorinated 
silanes using Fourier-Transform Infrared Spectroscopy (FT-IR). The porosity of the 
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nanoparticles was examined by using Brunauer-Emmett-Teller (BET) method and the 
pore size was obtained from Barrett-Joyner-Halenda (BJH) method. 

 

 

Figure 11. Illustration shows surface functionalization of mesoporous silica nanoparticle 

 
Surface coating with mesoporous nanoparticles 

The mesoporous silica nanoparticles with controlled shape and size in the range 
of 50 – 200 nm and the pore size in the range of 5 – 50 nm were homogeneously 
coated on transparent substrates such as glass using spin coating technique to form 
dual morphologies or double roughness. This technique rendered assemblies of 
mesoporous silica nanoparticle, leading to variation in transparency of modified 
substrates. Contact Angle measurement (CA) was performed to study hydrophobicity of 
the surface with water droplet and oleophobicity of the substrate with oil droplet. Atomic 
Force Microscopy (AFM) and SEM were utilized to investigate topography and 
morphology of the substrate after surface coating. 
 
Results and Discussion 
Synthesis of mesoporous silica nanoparticles using emulsion polymerization 
Polymer Template 

Effect of pH of the solution on the size of mesoporous silica nanoparticles was 
studied. By varying the amount of ammonium hydroxide (NH4OH) solution, it can be 
seen that increasing the amount of NH4OH led to an enlargement of mesoporous silica 
nanoparticles, Table 2. However, size distribution of the mesoporous silica nanoparticles 
was broader and the shape of the nanoparticles was spherical-like as shown in Figure 
12. 
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Table 2. Synthesis condition of mesoporous silica nanoparticles using polystyrene 
template at varied TEOS:NH4OH ratio 
 

Sample Water 
(mL) 

Octane 
(mL) 

Styrene 
(mL) 

TEOS 
(mL) 

NH4OH 
(mL) 

Size 
(nm) 

Sample – 1 30 8 1.0 1.0 1.2 122±19 
Sample – 2 30 8 1.0 1.0 2.4 151±30 
Sample – 3 30 8 1.0 1.0 3.6 196±43 

 
(a) (b) (c) 

   
 

Figure 12. SEM micrographs of mesoporous silica nanoparticles synthesized with 
different TEOS:NH4OH volume ratios (a) 1:1, (b) 1:2, and (c) 1:3 

 
Effect of styrene concentration on the size of mesoporous silica nanoparticles 

was studied. By varying the amount of styrene monomer, it can be seen that increasing 
the amount of styrene monomer led to an enlargement of mesoporous silica 
nanoparticles, Table 3. However, the shape of the nanoparticles was distorted as shown 
in Figure 13. 

 
Table 3. Synthesis condition of size of mesoporous silica nanoparticles using 
polystyrene template at varied styrene concentration 
 

Sample Water 
(mL) 

Octane 
(mL) 

Styrene 
(mL) 

TEOS 
(mL) 

NH4OH 
(mL) 

Size 
(nm) 

Sample – 4 30 8 0.5 1.0 1.2 100±13 
Sample – 5 30 8 1.0 1.0 1.2 100±15 
Sample – 6 30 8 1.5 1.0 1.2 128±22 
Sample – 7 30 8 2.0 1.0 1.2 117±18 
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(a) (b) 

  
(c) (d) 

  
 

Figure 13. SEM micrographs of mesoporous silica nanoparticles synthesized with 
different Styrene:TEOS volume ratios (a) 0.5:1, (b) 1:1, (c) 1.5:1, and (d) 2:1 

 
Effect of size of oil droplet on the size of mesoporous silica nanoparticles was 

studied. By varying the amount of octane, it can be seen that increasing the amount of 
octane led to an enlargement of mesoporous silica nanoparticles, Table 4. However, 
However, the shape of the nanoparticles was distorted as shown in Figure 14. 

 
Table 4. Synthesis condition of size of mesoporous silica nanoparticles using 
polystyrene template at different amount of oil 
 

Sample Water 
(mL) 

Octane 
(mL) 

Styrene 
(mL) 

TEOS 
(mL) 

NH4OH 
(mL) 

Size 
(nm) 

Sample – 8 30 6 2.0 1.0 1.2 89±11 
Sample – 9 30 8 2.0 1.0 1.2 117±18 
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 (a) (b) 

  
 

Figure 14. SEM micrographs of mesoporous silica nanoparticles synthesized at different 
amount of oil (a) 6 mL and (b) 8 mL 

 
The polymer template was removed by calcination at 500 C. Comparison of 

FT-IR spectrum of the mesoporous silica nanoparticles before and after template 
removal showed that the peaks that belonged to polystyrene disappeared after 
calcination. These results confirmed the removal of the polymer template as shown in 
Figure 15. In addition, TEM was used to characterize the mesoporous silica 
nanoparticles after calcination. Figure 16 clearly showed pores inside the mesoporous 
silica nanoparticles. 
 

 
Figure 15. FT-IR spectrum of mesoporous silica nanoparticles before and after template 

removal 
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(a) (b) 

  
(c) (d) 

  
 

Figure 16. TEM images of mesoporous silica nanoparticles synthesized with different 
Styrene:TEOS volume ratios (a) 0.5:1, (b) 1:1, (c) 1.5:1, and (d) 2:1 

 
Effect of methyl methacrylate concentration on the size of mesoporous silica 

nanoparticles was studied. By varying the amount of methyl methacrylate monomer, it 
can be seen that increasing the amount of methyl methacrylate monomer led to a 
decreasing of mesoporous silica nanoparticles, Table 5 and the shape of the 
nanoparticles was distorted as shown in Figure 17. 

 
Table 5. Synthesis condition of size of mesoporous silica nanoparticles using 
poly(methyl methacrylate) template at varied methyl methacrylate concentration 
 

Sample Water 
(mL) 

Octane 
(mL) 

MMA 
(mL) 

TEOS 
(mL) 

NH4OH 
(mL) 

Size 
(nm) 

Sample – 10 30 6 1.0 1.0 1.2 250±37 
Sample – 11 30 8 2.0 1.0 1.2 197±26 
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(a) (b) 

  
 

Figure 17. SEM micrographs of mesoporous silica nanoparticles synthesized with 
different MMA:TEOS volume ratios (a) 1:1 and (b) 2:1 

 
Surfactant Template 

Effect of ethanol concentration on the size of mesoporous silica nanoparticles 
was studied. By varying the amount of ethanol concentration, it can be seen that 
decreasing the amount of ethanol concentration led to a decreasing of mesoporous 
silica nanoparticles, Table 6 with a narrow size distribution. Moreover, the shape of the 
nanoparticles was spherical-like and the pore structure was lamellar at low ethanol 
concentration and changed to radial-like at higher ethanol concentration as shown in 
Figure 18.  

 
Table 6. Synthesis condition of size of mesoporous silica nanoparticles using CTAB 
template at varied ethanol concentration 
 

Sample Water 
(mL) 

EtOH 
(mL) 

TEOS 
(mL) 

NH4OH 
(mL) 

Size  
(nm) 

Sample – 12 150 50 6.0 15.0 646±55 
Sample – 13 160 40 6.0 15.0 303±51 
Sample – 14 170 30 6.0 15.0 303±34 
Sample – 15 180 20 6.0 15.0 201±23 
Sample – 16 190 0 6.0 15.0 205±21 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 
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(i) (j) 

  
 

Figure 18. SEM and TEM micrographs of mesoporous silica nanoparticles synthesized 
with different H2O:EtOH volume ratios (a-b) 150:50, (c-d) 160:40, (e-f) 170:30,  

(g-h) 180:20, and (i-j) 190:0 
 
Functionalization of mesoporous silica nanoparticles 
Polymer Template 
 Surface of mesoporous silica nanoparticles was functionalized with trimethyl 
(trifluoromethylsilane) to improve hydrophobicity of the nanoparticles. It can be seen 
that, the functionalization with short fluoroalkyl chain did not show significant effect on 
the size, Table 7. The shape of the mesoporous silica nanoparticles remained the same 
although short hair-like was observed around the surface of mesoporous silica 
nanoparticles under TEM, Figure 19. 
 
Table 7. Synthesis condition of mesoporous silica nanoparticles functionalized with 
trimethyl(trifluoromethylsilane) (F3) at varied TEOS:F-Silane ratio 
 

Sample Water 
(mL) 

Octane 
(mL) 

TEOS 
(mL) 

F-silane 
(mL) 

NH4OH 
(mL) 

Size  
(nm) 

Sample – 17 30 8 1.0 0.13 1.2 115±19 
Sample – 18 30 8 1.0 0.22 2.4 104±21 
Sample – 19 30 8 1.0 0.67 3.6 122±17 
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(a) (b) 

  
(c) (d) 

  
 

Figure 19. TEM and SEM micrographs of mesoporous silica nanoparticles 
functionalized with trimethyl(trifluoromethylsilane) (F3) at varied TEOS:F-Silane ratio  

(a-b) 5:1, (c) 3:1, and (d) 1:1 
 

 FT-IR was used to confirm surface functionalization with trimethyl(trifluoromethyl-
silane), however, the peak shifting was not significant, Figure 20. Thus, SEM-EDX was 
used to characterize the surface functionalization which showed good dispersion of F-
atom over the area of observation, Figure 21. In addition, an increasing of TEOS:       
F-Silane ratio led to significantly concentrate of F-atom in the SEM images. 
 



20 
 

 
Figure 20. FT-IR spectrum of mesoporous silica nanoparticles functionalized with 

trimethyl(trifluoromethylsilane) (F3) at varied TEOS:F-Silane ratio 
 

 (a) (b) 

  
(c) (d) 
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(e) (f) 

  
 

Figure 21. SEM-EDS spectroscopic mapping of mesoporous silica nanoparticles 
functionalized with trimethyl(trifluoromethylsilane) (F3) at varied TEOS:F-Silane ratio  

(a-b) 5:1, (c-d) 3:1, and (e-f) 1:1 
 

Thermal stability of the MSNPs was characterized by simultaneous 
thermogravimetric analyzer (STA, PERKIN STA-8000) in air, from 25 - 900 ˚C with the 
heating rate of 10 ˚C/min. It can be seen that the mesoporous silica nanoparticles 
functionalized with trimethyl(trifluoromethylsilane) showed higher thermal stability 
compared to the mesoporous silica nanoparticles without surface functionalization, 
Figure 22. The surface area was calculated by using Brunauer-Emmett-Teller (BET) 
method and the pore size was obtained from Barrett-Joyner-Halenda (BJH) method. The 
mesoporous silica nanoparticles both before and after surface functionalization exhibited 
a typical type IV curves which was a characteristic of mesoporous materials. The results 
also suggested that surface functionalization by co-condensation with F-silane did not 
affect porous structure, Figure 23. 

 

 
Figure 22. TGA thermograms of mesoporous silica nanoparticles functionalized with 

trimethyl(trifluoromethylsilane) (F3) at varied TEOS:F-Silane ratio 
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Figure 23. Nitrogen adsorption-desorption isotherms (a) (offset vertically by 500) 

and BJH pore size distribution curves (b) of mesoporous silica nanoparticles 
functionalized with trimethyl(trifluoromethylsilane) (F3) 

 
Surfactant Template 

Surface of mesoporous silica nanoparticles was functionalized with trimethyl 
(trifluoromethylsilane) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13) to improve 
hydrophobicity of the nanoparticles. It can be seen that, the functionalization with long 
fluoroalkyl chain rendered larger mesoporous silica nanoparticles, Table 8. The shape of 
the mesoporous silica nanoparticles remained the same and long hair-like was observed 
around the surface of mesoporous silica nanoparticles under TEM, Figure 24. 
Table 8. Synthesis condition of mesoporous silica nanoparticles functionalized with 
trimethyl(trifluoromethylsilane) (F3) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13) 
at varied TEOS:F-Silane ratio 
 

Sample Water 
(mL) 

EtOH 
(mL) 

TEOS 
(mL) 

F-silane 
(mL) 

Size  
(nm) 

Sample – 20 160 40 6.0 0.5, F3 287±22 
Sample – 21 160 40 6.0 1.1, F3 291±18 
Sample – 22 160 40 6.0 2.2, F3 298±27 
Sample – 23 160 40 6.0 0.2, F13 290±22 
Sample – 24 160 40 6.0 0.5, F13 317±24 
Sample – 25 160 40 6.0 0.9, F13 368±56 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 
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(i) (j) 

  
(k) (l) 

  
 

Figure 24. SEM and TEM micrographs of mesoporous silica functionalized with 
trimethyl(trifluoromethylsilane) (F3, a-f) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

(F13, g-l)  at varied TEOS:F-Silane ratio (a-b) F3-20:1, (c-d) F3-10:1, (e-f) F3-5:1,  
(g-h) F13-20:1, (i-j) F13-10:1, and (k-l) F13-5:1 

 
SEM-EDX was used to characterize the surface functionalization, which showed 

good dispersion of F-atom over the area of observation, Figure 25. In addition, an 
increasing of TEOS:F-Silane ratio led to significantly concentrate of F-atom in the SEM 
images. 
 

(a) (b) 
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(c) (d) 

  
(e) (f) 

  
 

Figure 25. SEM-EDS spectroscopic mapping of mesoporous silica nanoparticles 
functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13)  at varied  

TEOS:F-Silane ratio (a-b) 20:1, (c-d) 10:1, and (e-f) 5:1 
 

High resolution SEM images of the mesoporous silica nanoparticles 
functionalized with trimethyl(trifluoromethylsilane) and trichloro(1H,1H,2H,2H-perfluoro-
octyl)silane are shown in Figure 26.  Before surface functionalization, pores can be 
clearly observed on the surface, however, after surface functionalization with F-silane, 
the size of mesoporous silica nanoparticles increased significantly. In addition, the 
morphology of the particles changed from smooth surface to very rough surface due to 
the coating of long fluoroalkyl chain that generated nanostructure surface roughness. 
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(a) (b) (c) 

   
 

Figure 26. High resolution SEM micrographs of (a) bare mesoporous silica 
nanoparticles, (b) mesoporous silica nanoparticles functionalized with trimethyl(trifluoro-

methylsilane) (F3-5:1), and (c) mesoporous silica nanoparticles functionalized with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13-5:1)   

 
Thermal stabilities of the mesoporous silica nanoparticles with and without 

surface functionalization are shown in Figure 27. All samples display three major 
regions of weight-loss. The first region between 25 – 230 ˚C was attributed to the loss 
of moisture and the desorption of absorbed water in the pores of the mesoporous silica 
nanoparticles. The second region between 190 – 308 ˚C corresponded to the loss of 
residual CTAB inside the pores of the mesoporous silica nanoparticles and 
dihydroxylation of silanol. The third region between 300 – 511 ˚C corresponded to the 
loss of residual remaining organic fragments and decomposition of fluoroalkyl fragments. 
Moreover, it can be seen that the mesoporous silica nanoparticles functionalized with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane showed higher thermal stability compared to 
the mesoporous silica nanoparticles without surface functionalization. 
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Figure 27. TGA thermograms of mesoporous silica nanoparticles functionalized with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13) at varied TEOS:F-Silane ratio 
 

Figure 28 shows adsorption/desorption isotherms of the mesoporous silica 
nanoparticles with lamellar pore structure and radial-like pore structure before and after 
surface functionalization with trichloro(1H,1H,2H,2H-perfluorooctyl)silane. It can be seen 
that all samples exhibited a typical type IV curves, which was a characteristic of 
mesoporous materials. The pore radius of the mesoporous silica nanoparticles was 
about 54 Å for lamellar-pore MSNPs and in the range of 20-22 Å for radial-pore MSNPs 
indicating very narrow mesoporous nanoparticles.  

 

 

Figure 28. Nitrogen adsorption-desorption isotherms (a) (offset vertically by 200 and 
700 for MSNP-4 and MSNP-F13-5,1, respectively) and BJH pore size distribution curves 
(b) of MSNPs 
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Surface coating with mesoporous nanoparticles 
Polymer Template 

AFM images of glass substrate coated with mesoporous silica nanoparticles are 
shown in Figure 29. It can be seen that the coated substrate with fluoroalkyl 
functionalized mesoporous silica nanoparticles had rough surface with the RMS of 0.167 
nm. 

 

 
 
Figure 29. AFM images of glass substrates coated with mesoporous silica nanoparticles 

functionalized with trimethyl(trifluoromethylsilane) (F3) at TEOS:F-Silane ratio 5:1 
 
Water contact angles (CAs) of a glass substrate coated with mesoporous silica 

nanoparticles and photographs of a water droplet on the substrate were shown in Table 
19 and Figure 30, respectively. It is obvious that the coated substrate with fluoroalkyl 
functionalized mesoporous silica nanoparticles improved hydrophobicity of the substrate 
in such a way that the water CAs, both advancing CA and receding CA, increased 
significantly. 

 
Table 9. Water contact angles of glass substrates coated with mesoporous silica 
nanoparticles functionalized with trimethyl(trifluoromethylsilane) (F3) at varied TEOS:   
F-Silane ratio 
 

Sample TEOS:F-silane  Advancing (˚) Receding (˚) 
Sample – 5 1:0 64.3 23.9 
Sample – 17 20:1 99.4 23.0 
Sample – 18 10:1 126.6 48.8 
Sample – 19 5:1 113.8 41.5 
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 (a) (b) 

  
(c) (d) 

  
 

Figure 30. Photographs of water droplets on glass substrates coated with mesoporous 
silica nanoparticles functionalized with trimethyl(trifluoromethylsilane) (F3) at varied  

TEOS:F-Silane ratio (a) 1:0, (b) 5:1, (c) 3:1, and (d) 1:1 
 
Surfactant Template 

Water contact angles (CAs) of a glass substrate coated with mesoporous silica 
nanoparticles and photographs of a water droplet on the substrate were shown in Table 
10 and Figure 31, respectively. It is obvious that the coated substrate with fluoroalkyl 
functionalized mesoporous silica nanoparticles improved hydrophobicity of the substrate 
in such a way that the water CAs, both advancing CA and receding CA, increased 
significantly. Increasing mole ratio of F-silane tends to increase CAs of the substrates. 
Moreover, the mesoporous silica nanoparticles functionalized with long fluoroalkyl chain, 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13), resulted in much higher CAs 
compared to those of shorter fluoroalkyl chain, trimethyl(trifluoromethylsilane) (F3). 
Sample – 25 imparted average advancing CA of 152.7° with the highest value of 158.6° 
which is a characteristic of super-hydrophobic and oleophobic material. These results 
were consistent with the morphology of the MSNPs as shown in TEM images that the 
fluoroalkyl shell was thicker when the surface of the MSNPs was functionalized with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13). 
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Table 10. Water contact angles of glass substrates coated with mesoporous silica 
nanoparticles functionalized with trimethyl(trifluoromethylsilane) (F3) and trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (F13) at varied TEOS:F-Silane ratio 
 

Sample TEOS:F-silane  Advancing (˚) Receding (˚) 
Sample – 13 1:0 46.3 24.1 
Sample – 20 20:1, F3 60.8 20.9 
Sample – 21 10:1, F3 66.3 26.5 
Sample – 22 5:1, F3 68.9 23.8 
Sample – 23 20:1, F13 92.4 40.8 
Sample – 24 10:1, F13 126.5 33.7 
Sample – 25 5:1, F13 152.7 73.7 

 
(a) (b) (c) 

   
(d) (e) (f) 

   
 

Figure 31. Photographs of water droplets on glass substrates coated with mesoporous 
silica nanoparticles functionalized with trimethyl(trifluoromethylsilane) (F3, a-c) and 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F13, d-f) at varied TEOS:F-Silane ratio (a,d) 
20:1, (b,e) 10:1, and (c,f) 5:1 

 
Conclusion 

The spherical with mesoporous silica nanoparticles with narrow size distribution 
were synthesized successfully using polymer and surfactant templates. Increasing 
volume ratio of EtOH and polymer concentration resulted in both an enlargement of the 
particles and changing pore structure inside the particles from a lamellar structure to a 
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radially oriented structure. Surface wettability of the mesoporous silica nanoparticles 
was improved by functionalization with two different types of fluoroalkyl silane. The 
mesoporous silica nanoparticles formed a core-shell structure after co-condensation with 
F-silane. Increasing mole ratio of F-silane generated thick and dense hair-like shell, 
thus, the morphology of the particles changed from smooth surface to very rough 
surface. Water CA measurement proved that hydrophobicity and oleophobicity of the 
particles were improved after the chemical modification with F13-silane. Therefore, they 
show potentiality to be used in coating applications. 
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Abstract 

Several methods have been used to prepare mesoporous particles for varieties 

of application including catalytic supports, sorbents, sensors, and surface modifiers. This 

research provided an alternating pathway to synthesize mesoporous silica nanoparticles 

(MSNPs) via emulsion polymerization. MSNPs in the range of 100 – 300 nm were 

synthesized using simultaneously-generated polystyrene template. Scanning electron 

micrographs revealed spherical nanoparticles with narrow size distribution. The template 

was extracted by a cost-effective post-chemical treatment using selective solvents 

without a requirement of sophisticated equipment yielding MSNPs. Fourier-Transform 

Infrared Spectroscopy and Transmission Electron Microscopy were employed to confirm 

the removal of the template and the formation of lamella and hexagonal mesopores 

within the particles. In this work, effect of initiator concentration, reaction time, and 

template-monomer concentration on size and structural morphology of MSNPs were 

investigated. This research can be applied as a potential model for synthesis of 

controlled size and pore size of the porous nanoparticles.  

Keywords: Silica Porous Nanoparticle Emulsion Polystyrene 
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Abstract
Mesoporous silica nanoparticles (MSNPs) have been used in variety of applications due to their morphology and porous 
structure. This work reports the one-pot synthesis of ultrahydrophobic MSNPs using N-cetyl-n,n,n trimethyl ammonium 
bromide as a cationic surfactant template and ethanol (EtOH) as a cosolvent to form mesopores in the MSNPs. The effects 
of EtOH on the size and the pore structure of the MSNPs were studied by scanning electron microscopy and transmission 
electron microscopy. The results show that an addition of EtOH led to an enlargement of the MSNPs and a change in pore 
structure from a lamellar structure to a radially oriented structure. Co-condensation with two different types of fluoroalkyl 
silanes; trimethyl(fluoromethyl)silane, and trichloro(1H,1H,2H,2H-perfluorooctyl)silane provided low surface energy MSNPs 
with a core–shell structure. An assembly on the surface of these F-MSNPs generated nanostructure surface roughness ren-
dering an improvement in surface wettability with water contact angle of 158.6°, which is a characteristic of oleophobic and 
ultrahydrophobic material.
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1  Introduction

Silica is an attractive material providing interesting char-
acteristics including high thermal stability, chemical inert, 
low toxicity, and biocompatibility [1, 2]. The synthesis of 
the mesoporous silica was first reported in 1992 by Kresge 
et al. [3, 4]. The methods to provide the monodispersed 
mesoporous silica nanoparticles (MSNPs) have been devel-
oping by many research groups such as the use of solid tem-
plate [5], soft template [6–11], microwave synthesis [12], 
and an aerosol process [13]. Various strategies of synthesis 
method and types of template lead to different morphologies 
of the mesoporous silica such as thin film, fiber, and sphere 

[14] and a wide array of pore structures such as hexago-
nal pore structure, cubic pore structure, and lamellar pore 
structure.

Surfactant templating is an alternating technique to syn-
thesize the MSNPs [4, 15] in which pore size and diameter 
of particles can be adjusted by changing the type and the 
concentration of silica source and surfactant [16–18]. Fur-
thermore, the addition of a cosolvent [16, 18, 19], the adjust-
ment of solution temperature [6], and the pH of a solution 
using different base [16–18, 20] were also reported to exhibit 
significant effects on the pore size and the morphology of 
the MSNPs as well.

To date, the ordered MSNPs have been utilized in various 
applications due to their morphology and uniformity of pore 
structure. The MSNPs impart high specific surface area, 
which is desired for potential applications including cata-
lyst supporter [21], cell imaging [22], drug carrier [23, 24], 
absorbent, and chromatography [25]. Controlling shape and 
size of particles, pores, and their structure are pivotal espe-
cially for specific uses such as size-selective filters [26, 27], 
and controlled drug release [28, 29]. The MSNPs have been 
also used in a coating application. The synthesis of hydro-
phobic MSNPs has been reported by many research groups. 
Those MSNPs were prepared by using co-condensation or 
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post-surface treatment methods providing MSNPs function-
alized with methyl groups [17, 30–34]. Heat treatment and 
spray-drying are other reported techniques generating rough 
morphologies to improve hydrophobicity of the MSNPs as 
well, yet, they required sophisticated instrument [35, 36]. 
However, from those literatures, the shape and pore structure 
inside the particles were not well controlled and the water 
contact angle was not reported.

Here in, we report the one-pot synthesis of core–shell 
MSNPs with a well-control in shape, size, and pore structure 
using a facile method. The effects of ethanol on the particle 
size and the concentration of fluoroalkyl silane on surface 
wettability were thoroughly investigated. An assembly of the 
MSNPs with nanostructured surface roughness on the sub-
strate generated a dual morphology with low surface energy 
providing oleophobic and ultrahydrophobic properties. The 
MSNPs prepared from this method show a potential that can 
be applied in coating applications.

2 � Experimental

2.1 � Chemicals

Tetraethyl orthosilicate 99% (TEOS), trimethyl(fluoromethyl)
silane 99% (F3-silane), and trichloro(1H,1H,2H,2H-perfluo-
rooctyl)silane 97% (F13-silane) were purchased from Sigma-
Aldrich. Ammonia solution 25% (NH4OH) was purchased 
from EMSURE®. N-Cetyl-n,n,n trimethyl ammonium bro-
mide (CTAB) was purchased from Loba Chemie. Absolute 
ethanol anhydrous 99% (EtOH) was purchased from RCI 
Labscan. All chemicals were used as received.

2.2 � Synthesis of MSNPs

First, 0.6 g of CTAB was dissolved in 150 mL of water in a 
three-necked round bottom flask. The solution was stirred 
and heated at 60 °C for 30 min. To the solution, 50 mL of 
EtOH and 15 mL of NH4OH were added subsequently. Then, 
6 mL of TEOS was added dropwise under vigorous stir-
ring. The amount of H2O and EtOH of each condition is 
shown in Table 1. The reaction mixture was stirred at 60 °C 
under nitrogen atmosphere for 6 h and then cooled to room 
temperature. The MSNPs were collected by centrifugation 
(LD-3, 2000 rpm), washed with water followed by EtOH, 
and oven-dried at 60 °C. The MSNPs were stored in a desic-
cator before further studies.

2.3 � Synthesis of MSNPs functionalized 
with fluoroalkyl silane (Fx‑MSNPs)

Similar method used to synthesize MSNPs as described 
above was carried. Subsequently, after adding half of 

TEOS, Fx-silane was added simultaneously to the solution. 
The MSNPs were collected by centrifugation, washed with 
water followed by EtOH, and oven-dried at 60 °C. The 
MSNPs were stored in a desiccator before further studies.

2.4 � Characterization

Particle size and morphology of the MSNPs were deter-
mined by scanning electron microscopy (SEM, FEI 
Quanta-400 and FESEM, Merlin compact, Zeiss). The 
surface of the samples was coated with a thin layer of gold 
before an examination. SEM equipped with an energy-
dispersive X-ray spectrometer (EDS) was used to study 
chemical compositions on the surface of the MSNPs. The 
average size of the MSNPs was measured by using Image 
J software and calculated from the sizes of 100 MSNPs 
in SEM images. Pore structure of the MSNPs was stud-
ied by transmission electron microscopy (TEM, JEOL 
JEM-2010) using an accelerating voltage of 200 kV. The 
N2 adsorption/desorption isotherms were measured with 
Quantachrome Autosorb 1MP. The samples were out-
gassed at 80 °C for 4 h. The surface area was calculated 
by using Brunauer–Emmett–Teller (BET) method and 
the pore size was obtained from Barrett–Joyner–Halenda 
(BJH) method. Thermal stability of the MSNPs was char-
acterized by simultaneous thermogravimetric analyzer 
(STA, PERKIN STA-8000) in air, from 25 to 900  °C 
with the heating rate of 10 °C/min. Contact angles of the 
surface coated with the MSNPs were measured by VCA 
optima goniometer system.

Table 1   Chemical contents and size of mesoporous silica nanoparti-
cles

Sample Water (mL) EtOH (mL) TEOS:F-
silane

Size (nm)

MSNP-1 190 0 – 176 ± 20
MSNP-2 180 20 – 201 ± 23
MSNP-3 170 30 – 270 ± 34
MSNP-4 160 40 – 279 ± 28
MSNP-5 150 50 – 568 ± 24
MSNP-

F3-20,1
160 40 20:1 287 ± 22

MSNP-
F3-10,1

160 40 10:1 291 ± 18

MSNP-F3-5,1 160 40 5:1 298 ± 27
MSNP-

F13-20,1
160 40 20:1 290 ± 22

MSNP-
F13-10,1

160 40 10:1 317 ± 24

MSNP-
F13-5,1

160 40 5:1 368 ± 56
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3 � Results and discussion

3.1 � The effect of a cosolvent on the size 
and the pore structure of the MSNPs

The MSNPs were synthesized successfully using CTAB 
as a template and EtOH as a cosolvent. Figure 1 shows 
the SEM micrographs of the MSNPs with smooth surface 
synthesized from various ratios of H2O:EtOH. The shape 
of the MSNPs obtained from each condition is spherical-
like with narrow size distribution. Similar shape of parti-
cle was also obtained when octadecyltrimethylammonium 
chloride was used as a template [37]. The spherical shape 
of particle is generated due to the low surface tension of 

micelles induced by EtOH in the system [18]. The pro-
posed mechanism for the formation of MSNPs via sur-
factant template with an addition of cosolvent is illustrated 
in Scheme 1. At the beginning, CTAB molecules formed 
micelles and silica oligomers were absorbed on the sur-
face of the micelles. An attractive force between micelles 
induced aggregation of micelles followed by condensa-
tion of the silica oligomers. Finally, silica polymers were 
obtained having CTAB micelles as reservoirs [38–40].

The size of the prepared MSNPs was analyzed using 
Image J software and the results were shown in Table 1. It 
can be seen that an increase in the amount of EtOH from 0 
to 50 mL led to a significant increase of the diameter of the 
MSNPs from 176 ± 20 to 568 ± 24 nm. The results are con-
sistent with the study of Yano et al. and Teng et al. reporting 

Fig. 1   SEM micrographs of mesoporous silica nanoparticles synthesized with different H2O:EtOH volume ratios a 190:0, b 180:20, c 170:30, d 
160:40, and e 150:50

Scheme 1   The proposed mechanism for the formation of the mesoporous silica nanoparticles
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an increase of particle size of the MSNPs containing ordered 
hexagonal pores [16, 41]. The growth of the particle size 
was due to a slow process of hydrolysis and condensation 
of silica precursors at high concentration of EtOH. A slow 
nucleation and an increase in precipitation time of silica led 
to an increase in the MSNP diameter [6, 41]. Besides, EtOH 
would penetrate into microemulsion droplets and enlarge the 
size of the MSNPs [42]. The results indicate that the cosol-
vent system can be used as an alternative method to control 
the size of the MSNPs.

TEM was used to confirm the pores inside and on the sur-
face of the MSNPs. Figure 2 reveals two different pore struc-
tures inside the MSNPs obtained from different H2O:EtOH 
volume ratios. Using CTAB as a surfactant template was 
reported to generate hexagonal pores inside the particles [18, 
43, 44]. Nevertheless, from our study it can be seen that at 
low concentration of EtOH, the pores inside the MSNPs 
assembled in a lamellar structure, Fig. 2a, b with the spac-
ing ~ 5 nm. At higher EtOH concentration, however, the pore 
structure transformed to radial-like structure from the center 
to the surface of the particle, Fig. 2c–e. These results are 
in agreement with those of Wu et al. in which they found 
that lamellar CTAB micelles formed at low concentration 
of EtOH and further addition of EtOH led to the transfor-
mation to spherical micelles [45]. This indicated that not 
only the type of surfactant template showed an important 

role in controlling the pore structure but also the concentra-
tion of the cosolvent. Alternating of pore structure was also 
reported when polar, protic, and aprotic solvents were used 
as cosolvents [46, 47]. Note that the shape of the MSNPs 
is an irregular sphere with some elliptical MSNPs at low 
concentration of EtOH. The reason is owing to the fact that 
the surfactant molecules form cylindrical structure in the 
dilute system of CTAB [7]. Although EtOH has high surface 
tension (72 mJ/m2), low amount of EtOH was not adequate 
to reduce surface tension of micelles and induce spherical 
shape. Thus, the elliptical MSNPs were obtained as a mix-
ture [18].

3.2 � Surface functionalization of the MSNPs

The surface of the MSNPs was covered with hydroxyl groups 
that imparted hydrophilic characteristic. In order to increase 
hydrophobicity and oleophobicity on the surface of the 
MSNPs for the purpose of coating application, the surface 
of the particles was functionalized with fluoroalkyl silanes 
that are well known to provide very low surface energy, less 
than 20 mJ/m2 [48, 49]. Since the MSNP-4 system rendered 
spherical nanoparticles with narrow size distribution, the 
system was selected for further study. Figure 3 reveals TEM 
micrographs of the MSNPs functionalized with F3-silane 
at different concentrations. It is observed that a subsequent 

Fig. 2   TEM micrographs of mesoporous silica nanoparticles synthesized with different H2O:EtOH volume ratios a 190:0, b 180:20, c 170:30, d 
160:40, and e 150:50
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addition of F3-silane generated a core–shell structure com-
posing MSNP as a core and hair-like layer around the par-
ticle as a shell. Increasing the mole ratio of F3-silane from 
TEOS:F3-silane of 20:1 to 5:1 led to an increase in the shell 
coverage as evidenced in TEM images. In addition, the sizes 
of the F3-MSNPs slightly increased (287 ± 22, 291 ± 18, and 
298 ± 27 nm, respectively) compared to that of MSNP-4 
(279 ± 28 nm).

Due to the fact that surface free energies of fluorinated 
compounds vary with chemical structure and length of 
fluoroalkyl chain [50], the MSNPs were functionalized 
with longer fluoroalkyl chain to increase hydrophobicity of 
the particles. Figure 4 shows TEM micrographs and SEM-
EDS spectroscopic mapping of the MSNPs functionalized 
with F13-silane at different concentrations. TEM images 
of the MSNPs exhibit a similar trend of the results men-
tioned previously. Moreover, it is obvious that an increase 
in F13-silane concentration led to an increase in thickness 
and density of the shell and the F13-silane yielded a thicker 
hair-like layer around the MSNPs compared to F3-silane. 
This can be attributed to an increase in the length of fluoro-
alkyl chain [51]. Surface functionalization with F-silane 
was also confirmed by SEM–EDS. The EDS mappings of 
MSNP-F13-20,1, MSNP-F13-10,1, and MSNP-F13-5,1 reveal 
uniform distribution of fluorine on the surface of the MSNPs 
and the F/Si atomic ratios increased with the increment of 
TEOS:F13-silane from 0.10 to 1.06 and 1.20, respectively. 
These results are consistent with TEM images that show 
core–shell structure of the particles.

High resolution SEM images of the MSNP-4, MSNP-
F3-5,1, and MSNP-F13-5,1 are shown in Fig. 5. Before sur-
face functionalization, pores can be clearly observed on the 
surface of MSNP-4, Fig. 5a. After surface functionaliza-
tion with F-silane, the size of MSNP-F3-5,1 and MSNP-
F13-5,1 changed significantly to 298 ± 27 and 368 ± 56 nm, 
respectively. In addition, the morphology of the particles 
changed from smooth surface to very rough surface as 
shown in Fig. 5b, c due to the coating of long fluoroalkyl 
chain that generated nanostructure surface roughness [52, 
53]. It should be noted that small particles were not observed 

in the SEM images indicating that the number of nucleation 
site had been fixed since the early step of hydrolysis and 
condensation of TEOS and the F-silane only reacted on the 
surface of the nucleating particles [7, 39]. This is consistent 
with the result of LaMer method in which monomeric silica 
would coat on the nucleating sites when low concentration 
of silane is added [39, 54].

Figure 6a shows adsorption/desorption isotherms of the 
MSNPs with lamellar pore structure and radial-like pore 
structure before and after surface functionalization with 
F-silane. It can be seen that all samples exhibited a typical 
type IV curves which was a characteristic of mesoporous 
materials. Although it was reported that co-condensation 
with long fluorocarbon would affect to pores on the sur-
face and reduce porous order [17], our results suggested that 
surface functionalization by co-condensation with F-silane 
did not affect porous structure. BET specific surface area 
were about 284 m2/g for lamellar-pore MSNPs and about 
728–779 m2/g for radial-pore MSNPs. The pore radius of 
the MSNPs was about 54 Å for lamellar-pore MSNPs and 
in the range of 20–22 Å for radial-pore MSNPs indicating 
very narrow mesoporous nanoparticles. The pore size cal-
culated from BJH analysis was consistent with the pore size 
measured from TEM images.

3.3 � The effect of surface functionalization 
on thermal stability of the MSNPs

Thermal stabilities of the MSNPs with and without surface 
functionalization are shown in Fig. 7. All samples display 
three major regions of weight-loss. The first region mani-
fested a weight loss of 1.3–5.2 wt% between 25 and 230 °C, 
attributed to the loss of moisture and the desorption of 
absorbed water in the pores of the MSNPs [55, 56]. The 
second region between 190 and 308 °C exhibited a weight 
loss of 9.4–19.4 wt% corresponded to the loss of residual 
CTAB inside the pores of the MSNPs and dihydroxyla-
tion of silanol [51]. The third region showed the significant 
weight loss of 4.9–34.0 wt% between 300 and 511 °C corre-
sponded to the loss of residual remaining organic fragments 

Fig. 3   TEM images of fluorinated mesoporous silica nanoparticles with varied TEOS:F3-silane mole ratios a 20:1, b 10:1, and c 5:1
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and decomposition of fluoroalkyl fragments [17]. Moreo-
ver, it can be seen that the MSNPs functionalized with F13 
showed higher thermal stability compared to the MSNPs 
without surface functionalization. Furthermore, the sample 
with higher concentration of F13, i.e. MSNP-F13-5,1, showed 
higher degradation temperatures and % weight loss than 

those of lower concentration of F13, MSNP-F13-10,1 and 
MSNP-F13-20,1, respectively. This is attributed to surface 
coating with fluoro-silica [57].

The percent weight loss in the temperature range of 
300–511  °C of MSNP-F13-20,1, MSNP-F13-10,1, and 
MSNP-F13-5,1 were 15.4, 17.0, and 34.0 wt%, respectively. 

Fig. 4   TEM images and SEM–EDS spectroscopic mapping of fluorinated mesoporous silica nanoparticles with varied TEOS:F13-silane mole 
ratios a–c 20:1, d–f 10:1, and g–i 5:1

Fig. 5   High resolution SEM images of a MSNP-4, b MSNP-F3-5,1, and c MSNP-F13-5,1
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These results indicated that the amount of weight loss in the 
last region correlated with the mole ratio of F-silane loading 
as well. The results are consistent with the work of Compos 
et al. that the weight loss of fluoroalkyl chain functionalized 
fumed silica and precipitate silica increased with an increase 
of fluoroalkyl silane loading [51].

3.4 � The effect of surface functionalization 
on surface wettability of the MSNPs

Water contact angles (CAs) of a glass substrate coated with 
the MSNPs and photographs of a water droplet on the sub-
strate were shown in Table 2 and Fig. 8, respectively. It is 
obvious that the coated substrate with fluoroalkyl func-
tionalized MSNPs improved hydrophobicity of the sub-
strate in such a way that the water CAs, both advancing CA 
and receding CA, increased significantly. Increasing mole 

ratio of F-silane tends to increase CAs of the substrates. 
Moreover, the MSNPs functionalized with long fluoroalkyl 
chain, F13-silane, resulted in much higher CAs (100–230% 
increase) compared to those of shorter fluoroalkyl chain, 
F3-silane (31–49% increase). MSNP-F13-5,1 imparted 
average advancing CA of 152.7° with the highest value of 
158.6° which is a characteristic of super-hydrophobic and 
oleophobic material [58]. These results were consistent with 
the morphology of the MSNPs as shown in TEM images 
that the fluoroalkyl shell was thicker when the surface of the 
MSNPs was functionalized with F13-silane.

It was reported previously that fluoro-treated smooth 
surfaces provided CA not higher than 125° [58]. Gao et al. 
reported that the substrate coated with very small silica 
nanoparticles (80 nm) functionalized with acyl fluoride 
perfluoropolyether (C9F18O3) provided a static water CA of 
151.4° [59]. Although the size of the MSNPs synthesized 
from our method was larger with shorter fluoroalkyl silane, 
the resulted water CA was higher. This should be attrib-
uted to the greater surface roughness of the MSNPs as 
evidenced by HR–SEM images. Thus, it can be concluded 

Fig. 6   Nitrogen adsorption–des-
orption isotherms (a) (offset 
vertically by 200 and 700 for 
MSNP-4 and MSNP-F13-5,1, 
respectively) and BJH pore 
size distribution curves (b) of 
MSNPs

Fig. 7   TGA thermograms of mesoporous silica nanoparticles

Table 2   Water contact angles of glass substrates coated with 
mesoporous silica nanoparticles

Sample Advancing (˚) Receding (˚)

MSNP-4 46.3 24.1
MSNP-F3-20,1 60.8 20.9
MSNP-F3-10,1 66.3 26.5
MSNP-F3-5,1 68.9 23.8
MSNP-F13-20,1 92.4 40.8
MSNP-F13-10,1 126.5 33.7
MSNP-F13-5,1 152.7 73.7
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that a remarkably ultrahydrophobic and oleophobic prop-
erties of the MSNP-F13 is strongly influenced by the 
porosity and the roughness of the MSNP surface [52, 53]. 
This rough texture generated nano-voids for air trapping 
underneath a water droplet preventing water to form a full 
contact with the surface as described by Cassie–Baxter’s 
theory that assumed the resting of liquid on the peaks of 
the rough structure [60–62].

4 � Conclusions

The spherical MSNPs with narrow size distribution were 
synthesized successfully using CTAB as a cationic sur-
factant template and EtOH as a cosolvent. Increasing 
volume ratio of EtOH resulted in both an enlargement of 
the particles and changing pore structure inside the parti-
cles from a lamellar structure to a radially oriented struc-
ture. Surface wettability of the MSNPs was improved by 
functionalization with two different types of fluoroalkyl 
silane. The MSNPs formed a core–shell structure after 
co-condensation with F-silane. Increasing mole ratio of 
F-silane generated thick and dense hair-like shell, thus, 
the morphology of the particles changed from smooth 
surface to very rough surface. Water CA measurement 
proved that hydrophobicity and oleophobicity of the par-
ticles were improved significantly from 46.3° to 158.6° 
after the chemical modification with F13-silane. Finally, 
the MSNPs prepared by this method provided ultrahydro-
phobic property from a combination of surface chemistry 
and nanostructured surface roughness. Therefore, they 
show potentiality to be used in coating applications.
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