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Abstract 

Nano-porous inorganic (silica) nanofibers with ultra-high specific surface have been 

fabricated by electrospinning the blend solutions of poly(vinyl alcohol) (PVA) and 

colloidal silica nanoparticles, followed by selective removal of the PVA component. The 

configurations of the composite and inorganic nanofibers were investigated by changing 

the average silica particle diameters and the concentrations of colloidal silica particles in 

polymer solutions. After the removal of PVA by calcination, the fiber shape of pure silica 

particle assembly was maintained. The nano-porous silica fibers were assembled as a 

porous membrane with a high surface roughness. From the results of 

Brunauer-Emmett-Teller (BET) measurements, the BET surface area of inorganic silica 

nanofibrous membranes was increased with the decrease of the particle diameters. The 

membrane composed of silica particles with diameter of 15 nm showed the largest BET 

surface area of 270.3 m2g-1 and total pore volume of 0.66 cm3g-1. The physical absorption 

of methylene blue dye molecules by nano-porous silica membranes was examined using 

UV-vis spectrometer. Additionally, the porous silica membranes modified with 

fluoroalkylsilane showed the super-hydrophobicity due to their porous structures. 
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1. Introduction 

In recent years, porous materials have been of immense interest because of their potential 

for applications in fuel cell membranes, tissue engineering, catalysis, sensors, separations, 

electrochemical cells, drug delivery, chemical filtration, etc [1-6]. Porous SiO2 with 

controlled porosity and high specific surface is strongly required as it offers great potential 

applications such as sensors, electroluminescence materials, photovoltaic materials, etc 

[7-9].  

On the other hand, the nanofibers prepared by electrospinning method have been 

intensively studied for its unique properties [10] and potential applications such as sensors 

[4, 5], filters [6], dye-sensitized solar cells [11, 12], tissue engineering [2], and 

super-hydrophobic materials [13, 14]. The process of electrospinning is a special case of 

the electrospray process which uses electrostatic fields to form and accelerate a liquid jet 

from the tip of a capillary [15]. 

Many applications of electrospun nanofibers could be greatly improved by increasing the 

surface area and porosity of the fibers. Towards that aim, a number of groups have tried to 

produce porous nanofibers in a versatile and inexpensive way. As a typical method, the 

electrospun porous polymer nanofibers can be obtained by selective dissolution [2, 16-18] 

or calcination [19-21] for the removal of one phase from fibers with multi-phase. Recently, 

Xia et al [22] reported that, by immersing the collector in a bath of liquid nitrogen, porous 

polymer fibers can be fabricated through thermally induced phase separation between the 

solvent-rich and solvent-poor regions in the fiber during electrospinning, followed by 

removal of solvent in vacuo. Additionally, the fabrication of nano-porous carbon fibers was 

reported by the electrospinning two immiscible polymer solutions followed by thermal 
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treatment at elevated temperature in an inert atmosphere [23, 24].  

The electrospun inorganic nanofibers containing SiO2 componenet have been reported 

by electrospinning the polymer with sol-gel solution [20, 25], sol-gel solution [26], and 

polymer solution blended with colloidal silica particles [27], respectively. However, to our 

best knowledge, the SiO2 nanofibers with ultra-high surface area and porosity are difficult 

to find in periodicals and monographs. 

In this study, we want to fabricate the highly porous SiO2 nanofibers with ultra-high 

surface area and porosity. The water-soluble poly (vinyl alcohol) (PVA) can be introduced 

as template material [28] to blend with colloidal silica nanoparticles for preparing the 

composite nanofibers. Inorganic silica nanofibers could be obtained by the calcination of 

the composite fibers. The morphology, surface area, fiber pore diameter, and total pore 

volume of fibrous samples were studied upon the average diameters of silica nanoparticles 

and concentrations of silica in polymer solutions. Moreover, the absorption of methylene 

blue (MB) dye by fibrous silica membranes and the hydrophobicity of fluoroalkylsilane 

(FAS) modified fibrous silica membranes were also investigated.  

2. Experimental 

Colloidal silica nanoparticles (STS, Nissan Chemical Industries, Ltd.) with the average 

particle diameters of 15, 50, and 100 nm were dispersed in water with a silica concentration 

of 20 wt%. The template PVA (Mn 66 000, Wako) was dissolved into water with a PVA 

concentration of 10 wt% at 80 oC under stirring. Then, the electrospinning solutions were 

obtained by blending colloidal silica and PVA solutions with a silica/PVA solution weight 

ratio of 2/3. To fix the concentration of PVA in all electrospinning solutions, the 10 wt% of 

PVA solution was diluted to 6 wt%. The detailed compositions of electrospinning solutions 
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were listed in Table 1. 

The electrospinning solution was transferred into a 20 ml plastic syringe. Then, the 

syringe was fixed on a syringe pump (MSP-DT2, As One, Ltd.). The feeding rate of 

solution by syringe pump was 1 mlh-1. The positive electrode of a high voltage power 

supply (FC30P4, Glassman High Voltage Inc., USA) was connected with metal tip, which 

connected with plastic syringe. A grounded stainless tubular layer which covered by a 

piece of aluminum foil was used as fiber collector. The applied voltage was 10 kV, and 

tip-to-collector distance was 10 cm. The ambient temperature and relative humidity was 

kept at 25 � and 50 %, respectively. The detail of the electrospinning process is described 

in our previous report [14]. The fibrous membranes were obtained on the surface of 

collector. The fibrous membranes were calcined at 450 � in air for 2 h to remove the PVA. 

The composite fibers containing the average particle diameters of 15, 50, and 100 nm were 

denoted as PVA/SiO2(15), PVA/SiO2(50), and PVA/SiO2(100), respectively. The calcined 

samples of PVA/SiO2(15), PVA/SiO2(50), and PVA/SiO2(100) fibers were referred to as 

SiO2(15), SiO2(50), and SiO2(100), respectively. 

The absorption property of fibrous silica membranes was examined by the absorption of 

MB (Kanto Chemical Co., Inc.) in water. For a typical procedure, 100 mg fibrous silica 

samples were immersed into a 5 ml MB dye solution (0.1 mM) for 2 days at 25 oC. The 

color change of MB solutions, as indicative of absorption property of porous silica 

membranes, was examined with UV-vis spectrometer (UV mini-1240, Shimazu). 

In order to compare the hydrophobicity of FAS-modified fibrous and flat silica surfaces, 

a silica film was prepared with a sol-gel method [29]. The sol-gel was prepared by the 

hydrolysis and condensation of 25 g tetraethoxysilane (TEOS) in the mixture of 37.6 g 
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ethanol, 23.5 g distilled water, and 0.3 g hydrochloric acid (35 wt%). A slide glass was 

immersed into the sol-gel and pull out with a speed of 1 mms-1. The films were dried at 80 

oC for 1 h. After that, the resultant samples were modified with a 3 wt% FAS 

(CF3(CF2)7(CH2)2Si(OCH3)3, GE Toshiba Silicone Co., Ltd., Japan) in hexane for 24 h at 

25 oC [30]. Then, the samples were dried in air and heated at 100 oC for 1 h in an oven. 

Fourier transform infrared (FT-IR) spectra were recorded using a BIO-RAD 

spectrometer (FTS-60A/896) in the wave number range of 4000-400 cm-1 at room 

condition. The morphologies of resultant samples were examined by field emission 

scanning electron microscopy (FE-SEM) and field emission transmission electron 

microscopy (FE-TEM). The diameters of fibers were measured using an image analyzer. 

The diameter of beads has not been included in the fiber diameter calculations. Surface 

area measurements were carried out using the BET nitrogen adsorption method with a 

Micromeritics ASAP 2010 apparatus. The water contact and water-roll angles of resultant 

samples were measured with a contact angle meter (FACE, Kyowa Interface Science Co., 

Ltd). 

3. Results and discussion 

FT-IR spectra of various samples are presented in figure 1. Figure 1a shows the FT-IR 

spectra of pure PVA nanofibrous membrane. A number of absorption features appeared at 

3400 cm-1 (—OH), 2900 cm-1 (—CH2), 1740 cm-1 (C=O), 1450 cm-1 (O=C—OR), 1340 

cm-1 (—CH2), and 1110 cm-1 (C—O—C), respectively [31]. As seen in figure 1b, the silica 

nanoparticles showed the absorption features at 1670, 1100, 790, and 470 cm-1 

corresponding to υSi—O—Si [25]. The composite PVA/SiO2 fibers (figure 1c) showed two 

absorption features around 2900 and 1740 cm-1 indicating the existence of —CH2 and 
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C=O groups in the composite fibers. Other absorption features of PVA were overlapped by 

the strong absorption features of silica appeared around 1100, 790, 470 cm-1, respectively. 

After calcination the composite fibers (figure 1d), two absorption features around 2900 and 

1740 cm-1 disappeared, and the absorption feature around 1670 cm-1 became evident. This 

illustrated that the PVA decomposed. Additionally, it was found that the calcined sample 

(figure 1d) showed the same absorption features as the silica nanoparticles (figure 1b). As a 

result, the calcined sample was composed of silica only. Moreover, the broad peak around 

3400 cm-1 was observed for both silica nanoparticles and silica nanofibers, showing that 

the moisture was absorbed by silica samples in air. The intensity of this peak can be 

affected by the quantity of moisture absorbed by silica samples. 

The FE-SEM image of pure PVA fibrous membrane is shown in figure 2a. The PVA 

fibers were randomly oriented as a porous membrane. It has an average fiber diameter of 

154 nm with a smooth surface. The solution properties and fiber diameters are listed in 

Table 1. Figure 2b provides the morphology of composite fibers containing silica particles 

(8 wt%) with an average particle diameter of 15 nm. After adding the silica particles in 

electrospinning solutions, the fiber diameter of PVA/SiO2(15) was increased to 200 nm. 

Additionally, the fiber beads were observed along the fibers. The FE-SEM image of 

PVA/SiO2(50) is shown in figure 1c. It has an average fiber diameter of 193 nm. 

Meanwhile, the grain-like particles, called the secondary structure of fibers, were appeared 

on the fiber surface. The composite PVA/SiO2(100) (figure 2d) showed the thinnest fiber 

diameter of 172 nm among three kinds of composite fibers. The silica nanoparticles (100 

nm) were singly aligned along the fiber orientations. The average thickness of PVA coating 

layer on particle surface could be calculated about 36 nm. For all three kinds of composite 
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fibers, the silica nanoparticles were embedded in the PVA nanofibers. The roughness and 

grain-like particles appeared on the composite fiber surface was caused by the adding of 

silica particles, and was adjustable with changing the average particle diameters. 

Additionally, as shown in Table 1, the average diameters of fibers were found strongly 

affected by the solution viscosities. The fiber diameters increased concurrently with the 

increase of the solution viscosities. 

Figure 3 shows the FE-SEM images of calcined samples from the composite fibers. The 

SiO2(15) fibers, as shown in figure 3a, maintained the fiber bead morphology from the 

PVA/SiO2(15) fibers (figure 2b). It has an average fiber diameter of 197 nm which was 

similar to that (200 nm) of PVA/SiO2(15) fibers. Obviously, the fibers were found to be 

composed of the nanoparticles (15 nm) and pores on fiber surface. Figure 3b gives the 

morphology of SiO2(50) fibers. It has an average diameter of 188 nm. Meanwhile, the 

fibers also showed to be composed of silica particles (50 nm) and pores. The close-packed 

assembly of silica particles was obtained after calcination with using the silica particle with 

diameters of 15 and 50 nm. It can be observed from figure 3c, the SiO2(100) fibers were not 

continuous. The fibers were broken and aggregated during the calcination process. The 

single particle strings were found upon the connection of aligned single silica particles 

which corresponded to the SEM image shown in figure 2d. 

The TEM images of SiO2(15) and SiO2(50) fibers are shown in figure 4. As observed in 

figure 4a, the silica nanoparticles with an average diameter of 15 nm were found to be 

uniformly dispersed in the fibers. The diameter of silica particles did not increase even 

after the calcination at 450 oC. Moreover, a number of cavities were observed among the 

silica nanoparticles which attribute to increase the fiber surface area and porosity. In figure 
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4b, the silica particles with an average diameter of 50 nm were assembled densely into 

fibers. As a result, the calcined fibers were found to be highly porous throughout the fibers. 

Such fibers would show a much higher surface area than other smooth fibers. 

The BET surface areas, pore diameters, and total pore volumes of inorganic porous silica 

fibers are shown in Table 2. The SiO2(15) fibers have the largest BET surface area of 270.3 

m2g-1, the smallest pore diameter of 8.8 nm, and the largest total pore volume of 0.66 

cm3g-1 among three samples. The porous fibers composed of colloidal silica nanoparticles 

showed much larger surface area than that of the inorganic fibers prepared with sol-gel [20]. 

Additionally, the BET surface areas and total pore volumes were found to be increased on 

decreasing the silica particle diameters. Therefore, the surface area of silica fibers could be 

further increased with decreasing the diameter of silica particles. 

The physical absorption of MB dye molecules from aqueous solution has been studied by 

activated carbon and silica [32-34]. The preliminary absorption testing was carried out by 

immersion 100 mg fibrous silica membranes in a 5 ml MB (1 mM) aqueous solution. The 

color change of MB solutions is shown in figure 5a. It can be easily found that the color in 

solutions was lighten after the treatment with various fibrous silica samples. And the color 

was lighten gradually with decreasing the silica particle diameters. As judging from the 

BET surface area measurements, the BET surface area was increased with decreasing the 

silica particle diameters. Therefore, the sample with larger surface area was attributed to 

absorb more blue-colored dye molecules. As seen in figure 5b, the color of dried SiO2(15) 

sample changed from white to dark blue after the immersion in MB solution, indicating the 

physical absorption of MB by porous membranes. The rate of color change was recorded 

using UV-vis absorbance spectroscopy. In figure 6a, the 0.1 mM MB dye in water showed 
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a broad absorption band in the range of 600-700 nm, indicating the existence of the dimmer 

(600 nm) and monomer (660 nm) of MB [35, 36]. After the immersion of various samples 

in MB solutions, the intensity of MB monomer at approximately 660 nm was gradually 

decreased with decreasing the silica particle diameters. The intensity decreased at 2.5, 36.2 

and 95 % for solutions after treatment with fibrous SiO2(100), SiO2(50), and SiO2(15) 

membranes compared with the intensity of original 0.1 mM MB solution. However, the 

removing ability of resultant fibrous silica membranes for MB from aqueous solution by 

physical absorption is still weaker than that of silver nanoparticles doped silica nanofibers 

for MB by catalytic reduction reaction [37]. 

The wettability of a solid surface is important for various applications and is governed by 

both the chemistry and the geometrical microstructure of the surface [13]. FAS is a 

well-known low surface energy materials due to its CF groups. However, the maximum 

water contact angle on a flat surface that is attainable merely by lowering the surface 

energy with CF groups can be obtained below 120o. Therefore, providing appropriate 

surface roughness is necessary to enhance hydrophobicity. The surfaces of pure inorganic 

fibrous silica membranes were examined to be super-hydrophilic. A conversion of surface 

hydrophobicity is expected using a FAS monolayer modification [30]. The FE-SEM 

images and surface hydrophobicity of various FAS-modified samples are shown in figure 7. 

After FAS modification, the fibrous silica membranes (figures 7a-c) still maintained their 

porous structures and rough fiber surfaces. The averaged water contact angle of 

FAS-modified SiO2(15), SiO2(50), SiO2(100) was 167, 166, and 164o, respectively. 

Additionally, all three samples showed the water-roll angles below 5o. The surface property 

of fibrous silica membranes was converted from super-hydrophilic to super-hydrophobic 
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after FAS modification.  

The FE-SEM image and surface hydrophobicity of FAS-modified sol-gel film is shown 

in figure 7d. It showed a flat film morphology and a water contact angle of 104o. It was 

consistent with the previous report [38] that the flat films without rough surface show the 

water contact angle no more than 120o. An equation (cosθ`= f1cosθ − f2) was proposed by 

Cassie and Baxter to describe the relationship between the water contact angle on a flat 

surface (θ) and a rough surface (θ`) composed of a solid and air [39]. Here, f1 and f2 are 

ratios of solid surface and air in contact with liquid. In other words, f1 + f2 = 1. Given the 

water contact angles of the FAS-modified flat silica film and the fibrous SiO2(50) 

membrane, f2 was calculated to be 0.96, which indicated that the achievement of 

super-hydrophobicity by FAS-modified fibrous silica membranes was mainly a result of 

the air trapped in the rough hierarchical micro/nanostructures of membranes. 

4. Conclusion 

In summary, we successfully prepared the SiO2 nanofibrous membranes with ultra-high 

surface area and porosity. The colloidal silica nanoparticles with various diameters can be 

easily assembled into fiber shape with the template PVA via electrospinning. The results 

indicated that the morphology and structure of silica nanofibers were strongly affected by 

the silica particle diameters and solution viscosities. The silica nanofibers prepared with 

the smaller silica particle diameters (15 and 50 nm) were easier to maintain the continuous 

fiber shape than that prepared with the larger particle diameter (100 nm). Judging from the 

BET measurements, the BET surface areas and total pore volumes were found to be 

increased concurrently on decreasing the silica particle diameters. The porous silica 

nanofibrous membrane prepared with the smallest average particle diameter of 15 nm 
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showed the largest BET surface area (270.3 m2g-1), smallest pore diameter (8.8 nm), and 

largest total pore volume (0.66 cm3g-1). The absorption test of MB dye in water by fibrous 

silica membranes indicated that the fibrous SiO2(15) membrane has the largest capacity for 

absorbing MB dye molecules due to its largest BET surface area among three samples. The 

MB dye molecule absorption capacity of fibrous silica membranes was found to be 

increased with decreasing the silica nanoparticle diameters from 100 to 15 nm. 

Additionally, the porous structures of fibrous silica membranes were proved to be effective 

to get super-hydrophobic surfaces after the FAS monolayer modification. 
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Figure captions: 

Figure 1. FT-IR spectra of (a) PVA nanofibrous membrane, (b) silica nanoparticles, (c) 

composite PVA/SiO2(15) nanofibrous membrane, and (d) calcined sample of (c). 

Figure 2. (a) FE-SEM image of pure PVA fibrous membrane. (b)-(d) FE-SEM images of 

fibrous samples formed with the average particle diameters of (b) 15, (c) 50, and (d) 100 
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nm. The insets are the high resolution SEM images of fibers without beads. 

Figure 3. FE-SEM images of calcined silica nanofibrous membranes formed with the 

average particle diameters of (a) 15, (b) 50, and (c) 100 nm. The insets are the high 

resolution SEM images of fibers without beads. 

Figure 4. FE-TEM images of calcined silica nanofibers formed with the average particle 

diameters of (a) 15 and (b) 50 nm. The insets are the corresponding high resolution TEM 

images of fibers. 

Figure 5. Conventional digital camera images of (a) MB solutions after treatment with 

various fibrous samples and (b) the dried fibrous SiO2(15) sample after immersion in MB 

solution. 

Figure 6. The absorption spectra of (a) 0.1 mM MB solution and the same solution after 

treatment with various fibrous samples of (b) SiO2(100), (c) SiO2(50), and (d) SiO2(15). 

Figure 7. FE-SEM images of FAS-modified samples of (a) SiO2(15), (b) SiO2(50), (c) 

SiO2(100), and (d) flat SiO2 film. The insets are the corresponding profiles of a water 

droplet on samples. 

Table 1 Solution properties and diameters of resultant fibers 

Table 2 BET surface area, pore diameter, and pore volume of calcined silica nanofibers 
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(a)                                     (b) 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solution composition 
(PVA/silica/water, 
wt %/wt %/wt %) 

Particle 
diameter 

(nm) 

Solution 
Viscosity  
(mPas) 

Fiber diameter 
before calcination 

(nm) 
- 

15 

50 

100 

6 / 0 / 94 

6 / 8 / 86 

6 / 8 / 86 

6 / 8 / 86 

30 

110 

85 

60 

Fiber diameter 
after calcination 

(nm) 

154 

200 

193 

172 

- 

197 

188 

165 
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Table 1 

 

 

 

 

 

 

 

 

Table 2 

 

15 

50 

100 41.4 

64.3 

270.3 8.8 

25.6 

- 

Particle diameter 
(nm) 

BET surface area 
(m2g-1) 

Pore diameter (nm) Total pore volume 
(cm3g-1) 

0.66 

0.41 

0.23 




