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PVA/PAA/SiO2 ternary organic/inorganic composite nanofibrous mats are 

successfully prepared by a cooperative fabrication via electrospinning. The 

esterification and dehydration between PVA, PAA and hydrolytic TEOS are proposed 

to endow the prepared ternary nanofibers with remarkable solvent and temperature 

resistance, as well as the great mechanical property. 
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Cooperative Fabrication of Ternary Nanofibers with 

Remarkable Solvent and Temperature Resistance by 

Electrospinning 

Chang Liua, Yi-nan Wua*, Aimin Yub*, Fengting Lia 

A novel ternary organic/inorganic composite nanofibrous mats are successfully prepared by a 

cooperative fabrication via electrospinning. Poly (vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) 

were chosen as the polymer contents, while tetraethyl orthosilicate (TEOS) as the silicon source. By 

adjusting the mass ratio of polymer and silica gel, the obtained nanofibers with a mass ratio of 1:0.75 

exhibit great uniform morphology with an average diameter of 845nm. Systematic investigations were 

performed to illustrate the reaction process and internal structure of the nanofibers. The esterification and 

dehydration between PVA, PAA and hydrolytic TEOS are proposed to form an integrated network 

structure which makes the ternary electrospun nanofibrous mats more stable compared to pure single 

polymer and the binary composites. Eight typical solvents (H2O, DMF, EtOH, THF, MeOH, CHCl3, n-

hexane and acetone) immersion experiments of the nanofibrous mats at varied temperatures (60, 80, 100, 

120, 150 and 200 °C) were performed for the study of its solvent and thermal stability. The results show 

that the prepared ternary organic/inorganic nanofibrous mats exhibit remarkable solvent and temperature 

resistance (e.g. in DMF at 200 °C). Moreover, the obtained PVA/PAA/SiO2 nanofibrous mats also 

present desirable mechanical properties such as the malleability with a high breaking elongation. Taking 

account of the availability of raw materials, easy maneuverability, and the outstanding chemical stability 

and mechanical properties, such cooperative fabrication strategy could find great extensibility for the 

synthesis and application of multiple organic/inorganic composite materials. 

 

Introduction 

Electrospinning technique is a simple, effective and versatile method 

to produce a wide variety of fibrous materials such as polymers, 

ceramics and composites.1-5 The properties of the materials could be 

easily tuned either by varying the system parameters (e.g., the 

viscosity and dielectric of the spinning solution) or by the process 

parameters (e.g., electric potential, flow rate and concentration, 

distance between the capillary and collection screen).6, 7 Electrospun 

nanofibrous materials have attracted great attention due to their 

relatively large specific surface area to volume ratio, flexibility in 

surface functionalities and high production rates. These materials 

have found a wide range of applications including tissue 

engineering, filtration , sensing, catalysis , drug delivery  and 

adsorption.8-12 

For the environmental concerns and industrial production demands, 

electrospinning from the aqueous or alcoholic solutions is highly 

recommended. So far, fibrous structures of polymers, especially 

those biocompatible, cost-effective polymers, such as poly (vinyl 

alcohol) (PVA), poly (acrylic acid) (PAA), poly (methyl 

methacrylate) (PMMA) and poly(vinylpyrrolidone) (PVP) have been 

produced under the aqueous or alcoholic conditions using the 

electrospinning technique. These polymers possess hydrophilic 

functional groups which contribute to their versatile physical and 

chemical properties, and provide great interfaces for further 

modification. However, the high hydrophilicity could lead to the 

disintegration of the fiber once it contacts to water or other polar 

solvents upon certain conditions, which greatly limits the application 

of these polymer fibers. In order to reduce the undesired 

hydrophilicity and enhance the stability against water, self-

crosslinking or crosslinking of multicomponent polymers through 

chemical or physical approaches has been widely used. Baştürk et al. 
13 prepared water insoluble PVA/PAA nanofiber mats by cross-

linking the polymers via heat-induced esterification. Li et al.14 
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prepared ultra-fine fibrous membranes with different ratio of 

PVA/PAA and studied the swelling ratio. It is no doubt that the 

water-stability of electrospun polymer nanofibers can be enhanced 

by the inter-polymer crosslinking. However, most these products are 

thermally unstable and poor-resistant to organic solvents.15-17 

Organic-inorganic nanocomposites materials possess both the merits 

of organic polymers and inorganic materials,18 combining the 

compatibility, paintability and flexibility with high strength, thermal 

stability and solvent resistance. Hence, organic-inorganic composite 

materials are more promising for utilization in harsh conditions. 

There have been some reports on preparing organic-inorganic 

materials by electrospinning technique combined with the sol-gel 

methodologies.19, 20 Among them, hydrophilic polymer-silica hybrid 

nanofiber materials are the most studied composites. These materials 

are based on the dehydration between the hydrolyzed silane and the 

carboxylic acid or hydroxyl groups of the polymer to form three-

dimension network which exhibit great thermal and chemical 

stability. Shao et al. 16 produced poly(vinyl alcohol)/silica composite 

fiber mats and studied the swelling property; Pirzada et al. 21 

prepared hybrid silica−PVA nanofibers with different silica/PVA 

ratio and aging time of the silica precursor mixture; Xu et al. 22 

prepared mesoporous poly (acrylic acid)/SiO2 composite and the 

sorption behaviour of malachite green. Although there are some 

works reported on the synthesis of polymer-silica hybrid composites, 

only single polymer is selected as the organic template and few 

systematic studies are conducted on the stability in organic solvents 

at high temperatures and their mechanical properties, which is 

fundamentally crucial for the development of functional materials 

with high chemical stability. We have reported the preparation of 

hybrid PVA-silica fibrous membrane via the crosslinking between 

PVA and inorganic silane using the electrospinning technique and 

was successfully used as the sorbents for the removal of aqueous 

contaminants.12 Although the product was stable in water, the 

membrane still showed quite poor stability at high temperature and 

in organic solvents. Recently, Xu et al. 23 reported that using a 

copolymer of poly [styrene-co-3-(trimethoxysilyl)propyl-

methacrylate] in the electrospun nanofibrous mats could improve the 

solvent and temperature resistance. However, the costly silane raw 

materials and the complicated synthesis processing hinder its large-

scale application. 

In order to further improve the stability of nanofiber in organic 

solvents and at high temperatures, herein we report the preparation 

of a ternary composite PVA/PAA/SiO2 nanofibrous mats via the 

electrospinning technology. The two polymers are both cross-linked 

to the silica content to form an integrated network structure. 

Systematic investigations are then performed to understand the 

internal structure of the nanofibers and how the network structure 

improves the solvent and temperature resistance, as well as the 

mechanical properties. Since the net structure was formed between 

the polymer and silica content, the PVA/PAA/SiO2 nanofibrous mats 

showed remarkable resistant to typical solvents and high 

temperatures. At the same time, their mechanical properties turned 

out to be great. Results from this study suggest that cost-effective 

raw materials availability, easy maneuverability and outstanding 

solvent and temperature resistance performance render this approach 

much expectable in the preparation of electrospun multi-functional 

organic/inorganic composite materials. 

Experimental section 

Materials  

Poly acrylic acid (PAA, Mw = 450,000) was purchased from Sigma-

Aldrich. Poly vinyl alcohol (PVA, Mw = 77,000), tetraethyl 

orthosilicate (TEOS), hydrochloric acid (HCl), N,N-

dimethylformamide (DMF), ethanol (EtOH), tetrahydrofuran (THF), 

methanol (MeOH), trichloromethane (CHCl3), n-hexane and acetone 

were provided by Sinopharm Chemical Reagent Company, China. 

All reagents were analytical purity and used without further 

purification. Deionized (DI) water was used throughout this work. 

Preparation of PVA/PAA/SiO2 gel 

Firstly, PVA powder and PAA particles with molar composition 1: 1 

were mixed and dissolved in DI water to obtain a 5 wt.% polymer 

gel (Specifically, 0.26 g PVA and 1.5 g PAA were dissolved in 

33.38 g DI water). The mixture was kept stirring for 6 h in a water 

bath at 80 °C to form a polymer gel. Silica gel was prepared by 

mixing 2 g EtOH and 2.5 g TEOS followed by adding 0.1 mL of 1 

mol L-1 HCl as a catalyst. The silica gel was stirred for 15 min at 

room temperature. Finally, 0.5 g silica gel and 2 g polymer gel were 

mixed and kept in a water bath at 70 °C for 15 min. The mixture was 

kept stirring until the gel cooled to room temperature, and thus a 

viscous gel of PAA/PVA/SiO2 composite was obtained and recorded 

as G-1.Three more composites G-2, G-3 and G-4 with the mass ratio 

(silica gel/polymer gel) of 0.5, 0.75, 1 respectively were prepared in 

the same way, and G-0 was the pure polymer gel (Table. 1).  

Preparation of ternary electrospun nanofibers  

The electrospining gel that consists of polymer gel with or without 

silica gel was transferred to a plastic syringe and ejected from a 

stainless steel needle at a rate of 1.0 mL h-1. The stainless steel 

needle served as an electrode, while a glass plate covered with 

aluminium foil was used as the counter electrode. A DC voltage of 

20 kV was applied to the needle and the distance from the needle to 

the collector was 14 cm. A dense web of fibers was collected on the 

aluminium foil and then removed from the foil and dried at 140 °C 

for 15 min to get the ternary electrospun nanofibers. The samples 

were recorded as N-0, N-1, N-2, N-3 and N-4 for films prepared 

from G-0, G-1, G-2, G-3 and G-4 gels. The obtained composite 

nanofibers were kept in a desiccator for further analysis. 

Table. 1 The components of raw materials used in the synthesis 
of PVA/PAA/SiO2 composites. 

 Polymer gel  Silica gel 

 
PVA 
(g) 

PAA
(g) 

Water 
(g) 

 
TEOS 

(g) 
EtOH 

(g) 
HCl 
(mL) 

G-0 0.086 0.5 11.13  0 0 0 
G-1 0.086 0.5 11.13  1.63 1.30 0.065 
G-2 0.086 0.5 11.13  3.26 2.60 0.13 
G-3 0.086 0.5 11.13  4.89 3.90 0.195 
G-4 0.086 0.5 11.13  6.52 5.20 0.26 
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Characterization 

The molecular structure of the nanofibers was characterized by 

fourier transform infrared spectroscopy (FTIR) of KBr powder 

pressed pellets and was recorded on a Bruker Vector 22 spectrometer. 

X-ray diffraction (XRD) patterns of the samples were recorded using 

Bruker D8 Advance X-Ray powder diffractometer at 40 kV and a 

current of 40 mA. Thermal Gravimetric Analysis (TGA) was 

performed on TA Instrument TGA-7. Typically, 5-10 mg of sample 

was placed in an alumina pan under air flow (100 mL min-1) and 

heated at a rate of 10 °C min-1 from room temperature to 900 °C. 

Scanning electron microscopy (SEM) measurements were taken on a 

JEOL-2100F field emission scanning electron microscopy. Nitrogen 

adsorption-desorption measurements were conducted with Micro-

meritics ASAP2020M analyzer at 77 K. The sample was degassed at 

150 °C for 6 h in the vacuum line before the tests. The surface 

topographies of the nanofibers were examined using a Dimension 

3100 atomic force microscope (AFM) in the tapping mode and using 

a silicon tip. 

Stability studies 

The electrospun nanofibrous mats were immersed into different 

solvents to analyse the solvent resistance. In this study, 8 

different solvents were chosen including H2O, DMF, EtOH, THF, 

MeOH, CHCl3, n-hexane and acetone. These solvents were 

typical polar solvents except n-hexane. As far as temperature was 

concerned, the experiments were conducted at 60, 80, 100, 120, 

150 and 200 °C depending on the boiling point of the solvents 

(Table. S1). The nanofibrous mats were put into airtight 

containers and all the experiments were carried out in oven. 

Mechanical property tests 

Mechanical property tests of the electrospun nanofibrous mats 

were carried out using a universal testing machine (FR-103C) 

equipped with 5 kN load cell and mechanical grips. The 

samples were cut into dumbbell shape (Fig.S1) by cut-off knife. 

The specific size was measured by vernier caliper while the 

thickness was measured by thickness gauge. Tensile tests were 

performed in displacement controlled mode with loading rate of 

10.0 mm min-1. Tensile strength was calculated by maximal 

tension and cross-section area of the films (Eq. (1)), while yield 

strength was calculated by the tension at yield (Eq. (2)). 

Breaking elongation was counted by the displacement at the 

breaking and the scale distance (Eq. (3)). 

 
2

Maximal Tension (N)
Tensile strength (MPa) = 

Cross Section Area (mm )  (1) 

 
2

Tension at yield (N)
Yield strength (MPa) = 

Cross Section Area (mm )  (2) 

 

Displacement at the breaking (mm)
Breaking Elongation (%) = 

Scale Distance (mm)  (3) 

 

Results and discussions 

Characterization of composite nanofibers 

The FTIR spectra of the as prepared ternary nanofibers are shown in 

Fig. 1 which provide information on the types of chemical bonding 

within the material structure.21 The broad feature observed at around 

3400 cm-1 could be attributed to the O−H stretching vibration of the 

hydroxyl group from PVA or the hydrolyzed TEOS.24 With the 

increase of silica content from N-1 to N-4, this peak becomes more 

and more obvious. The vibration of the C=O bond from PAA 

polymer appears at 1717 cm-1 for sample N-0.25 The same peak is 

also observed at the same wavenumber for N-1, N-2, N-3 and N-4 

but with much less intensity. The peak at 943 cm-1 appears for 

samples N-1, N-2, N-3 and N-4, which is assigned to Si−OH 

stretching vibration. The peak at 1654 cm-1 is also assigned to 

Si−OH vibration, which is only observed for samples N-3 and N-4 

with high SiO2 content.21 The characteristic vibration peaks of Si-O-

Si bond are clearly seen around 1083 cm-1, 800 cm-1 and 461 cm-1 

which give the evidence of the silica network formation.26, 27 In 

addition, the intensities of Si−OH and Si−O−Si peaks increase from 

N-1 to N-4 indicating the increase of SiO2 content in the composite 

nanofibers. It is worth noting that there is a shoulder on the Si−O−Si 

peak around 1110 cm-1 which is attributed to the Si−O−C bonds.21 

The presence of this bond in the nanofiber is important as it gives 

evidence that there are new chemical bonding formed between the 

polymer and silica backbone. The results indicate that the three 

components are not just physically mixed but are more possibly 

integrated into a network via chemical bonding.  

The reasons for choosing PVA and PPA as polymers are as 

followed. PVA and PAA are hydrosoluble polymers which are 

widely used in the electrospining process with great performance in 

the formation of nanofibers.3, 28, 29 Both of them can be dissolved in 

water to form gel with different viscosity, meanwhile the hydroxyl 

group of PVA and the carboxyl of PAA could react with other 

chemicals. 

  

Fig. 1 FTIR spectra of the PVA/PAA/SiO2 ternary nanofibers 
with different mass ratio of polymer and silica gel. 
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Fig. 2 The proposed structural model of the PVA/PAA/SiO2 
ternary nanofibers  

Based on the FTIR results, a possible reaction process and the 

structural model of the PVA/PAA/SiO2 composite nanofiber is 

proposed and illustrated in Fig. 2. The reactions might occur in three 

main aspects: (1) the self-condensation reaction of the silanol 

groups;30, 31 (2) dehydration reaction between the hydroxyl group of 

PVA and TEOS hydrolysate; (3) esterification reaction between the 

hydroxyl of TEOS hydrolysate and the carboxyl of PAA.24, 26 There 

are a large amount of hydroxyl groups in the hydrolysed TEOS and 

they can undergo self-condensation to form silica. The surplus 

hydroxyl react with PVA and PAA to form a network structure 

consisting of carbon chain and silica skeleton. As to previous report, 

this network formation could greatly improve the solvent and 

temperature resistance of the composite nanofibers.  

Wide-angle XRD was performed to examine the crystalline nature of 

the PVA/PAA/SiO2 composite nanofibers (Fig. 3). For PAA/PVA 

nanofibers without silica (N-0), only a wide peak is observed at 

around 2θ = 19o which is in agreement with the XRD pattern of the 

crystalline pure PVA nanofibers.32 The result indicates that 

PAA/PVA nanofibers possess a semi-crystalline structure.33, 34 When 

TEOS was added to the electrospining gel, the position and intensity 

of the peak changed. Specifically, the XRD peak moved to around 

2θ = 24o which gives evidence that the added SiO2 might interfere 

with PAA/PVA resulting in the structure change.35 It is also noticed 

that with increasing content of TEOS from N-1 to N-4, there is not 

much change to the XRD peak, suggesting the crystalline structure 

of the composites remain same and is not affected by the silica ratio. 

The degradation behaviour of PVA/PAA/SiO2 ternary nanofibers 

was measured by the thermogravimetric analysis (TGA) in air flow 

(Fig. 4). For sample N-0, the major weight loss starts at 200 °C due 

to the cleavage of C−C bonds of the polymer and the components 

turn into CO2 and water.21 Nearly complete degradation of the 

polymer is observed at approximately 450 °C and the nanofibers was 

only account for 3.12% by weight.36 The major weight loss of 

PVA/PAA/SiO2 composite nanofibers occurs in the temperature 

range from 200 °C to 520 °C and is mainly attributed to the 

degradation of polymer content. The TGA curves shows that with 

the increase of TEOS content in the electrospun gel (from N-1 to N-

4), the weight decrease was slower and the total weight losses of 

60.36%, 42.44%, 31.9% and 27.29%, respectively. These values 

correspond to the silica gel ratios in the composites were 0.25, 0.5, 

0.75 and 1 respectively. It is also noticed in Fig. 4 that compared 

with the composite nanofibers, the pure polymer fibers (N-0) had 

less weight loss at the initial stage of the heat program (100-220 

°C).This might be due to that the hydrogen bonding within 

PVA/PAA molecules is stronger than that in the PVA/PAA/SiO2 

composite nanofibers.21 According to the above results, the 

introduction of TEOS clearly enhances the thermal stability of the 

composite nanofiber membranes. 

 

Fig. 3 XRD patterns of the PVA/PAA/SiO2 ternary nanofibers 
with different mass ratio of polymer and silica gel. 

 
Fig. 4 TGA curves of the PVA/PAA/SiO2 ternary nanofibers 

with different mass ratio of polymer and silica gel.
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Nanofibers of PVA/PAA are water soluble due to the polar 

functional groups of carboxyl and hydroxyl groups.37, 38
 Previous 

study has found that PVA/PAA nanofibers become insoluble in 

water after thermal treatment for the reason that cross-linking 

reaction (esterification) was induced by heat between the carboxyl 

group in PAA and the hydroxyl group in PVA.14 13, 37 In this study, 

the esterification was achieved within the nanofibers containing 

equal molar ratio of PVA and PAA by conducting the thermal 

treatment at 140 °C for 15 min.13, 14, 39 As to SEM measurement, the 

cross-linked PVA/PAA nanofibers remain the nanofibrous structure 

(Fig.S1a) with a mean diameter of 329 nm (Fig. S2d). It is also 

notable that the nanofiber mats become rigid after the thermal 

treatment. After immersing the nanofibers in H2O, DMF, EtOH and 

MeOH for 24 h (Fig. S2b, c, e, f), though the nanofibrous structure 

was basically retained, the nanofibers were metamorphotic and 

swollen to some extent. The degree of swelling was more obvious in 

water than in other three solvents. The possible explanation is that 

some carboxyl and hydroxyl groups were unreacted in the cross-

linking procedure, which could interact with the solvents resulting in 

the swelling.15, 40  

In this work, the main electrospinning parameters considered were 

voltage and distance between needle and target. Both factors 

influenced the electrospinning process significantly, especially on 

the morphology and diameter of the fibers. Through a series of 

studies, the optimal electrospinning parameters turned out to be 20 

kV and 14 cm. The details were listed in the supporting information 

(Fig. S3). On the other hand, the selection of solvent in the 

preparation of the electrospinning gel was also important. PVA and 

PAA are hydrosoluble polymers and the viscosity of the solution 

increased with the increasing concentration. The electrospinning 

solution should possess certain viscosity in order to form uniform 

fibers. TEOS hydrolyzed very quickly in water. Adding EtOH into 

the solution could make the process more controllable. 

Fig. 5 shows SEM images of the nanofibers prepared by different 

mass ratios of silica gel and polymer gel. It is notable that 

electrospinning parameters and particular solvent have influences in 

the experiments. With increasing amount of silica gel from G-1 to G-

4, the diameters of composite nanofibers become larger (Fig. 5a-d) 
21, 26 since silica gel generates viscous silica network.35, 41 We notice 

that fibers of sample N-1 and N-2 show some cross sections and are 

not well-distributed; N-4 sample shows obvious beads and the 

diameter of one single fiber fluctuates. Among the four samples, 

nanofibers of sample N-3 exhibit outstanding uniform morphology 

(Fig. 5c, e, f) and smooth surface (Fig. 5h). The diameters of the 

fibers are ranged from 619 to 1087 nm, and the mean diameter was 

845 nm (Fig. 5g).  

Nitrogen adsorption-desorption measurement was conducted to 

study the porosity of the prepared composite nanofibers. Sample N-3 

has a specific surface area and pore volume of 1.72 m2 g-1 and 0.003 

cm3 g-1, respectively (Fig. S4) which show that the nanofibers were 

non-porous and the surface area could be attribute to the external 

surface of  the fibers. 
 

 
Fig. 5 SEM images of the as prepared (a) N-1 (b) N-2 (c) N-3, (d) N-4 composite nanofibers; (e, f) sample N-3 at different 
magnifications; (g) the diameter distribution of sample N-3 with Gauss fitting curve. (h) Optical image of sample N-3.  
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Fig. 6 SEM images of sample N-3 immersed in (a) H2O, (b) DMF, (c) EtOH, (d) THF, (e) MeOH, (f) CHCl3, (g) n-hexane, (h) 
acetone for 24 h at room temperature. The curve in diameter distribution is the Gauss fitting of the figure. 

Study on the solvent resistance 

To study the solvent resistance of composite nanofibers, sample N-3 

was immersed in various solvents including H2O, DMF, EtOH, THF, 

MeOH, CHCl3, n-hexane and acetone at room temperature for 24 h 

(Fig. 6a-h).23 All the solvents are polar except for n-hexane. Neither 

deformation nor fracture is observed in the SEM images and the 

surfaces of the nanofibers remain smooth. After another 24 h 

immersion, the morphology and structure were still kept intact (Fig. 

S5). Most nanofibers are in the range between 800 and 900 nm and 

the Gauss fitting curve shows a normal distribution for the two 

groups. The mean diameters of the fibers after 24 h immersion vary 

between 833 and 879 nm (Fig. S6a); while the figures for 48 h group 

are 843 to 876 nm (Fig. S6b). These indicated that there was very 

little swelling occurred for nanofibers in all solvents studied, either 

polar or non-polar solvents. This remarkable resistance to the most 

common solvents should be attributed to the network structure 

formed between the polymer and silica which greatly enhances the 

stability of the composite nanofibers. 

Temperature resistance of composite nanofibers 

In order to study the effect of temperature, the experiments were 

carried out at 60 and 80oC, while H2O, DMF, EtOH and n-hexane 

and were used as the representative solvents.23 SEM images 

illustrated that compared with the room temperature control group 

(Fig. 6a-c, g), the morphology of the fibers keep unchanged after 24 

h immersion (Fig. 7). Both the average diameter and diameter 

distribution of the 60 and 80 °C group show little difference. Thus 

the temperature at 60 and 80oC hardly affects the stability and 

structure of the composite fiber. Then the nanofibers were immersed 

in H2O, DMF and EtOH at 100 °C for 24 h. The obtained images 

(Fig. 8a-c) reveal intact structures of the nanofibers. When the test 

temperature increased to 120 °C, some of the fibers fractured and the 

structure were damaged to a little extent (Fig. 8d, e). The results 

could be attributed to the fact that the test temperature was higher 

than the boiling point of H2O (100 °C) and EtOH (78 °C). Once the 

solvents reach boiling, the pressures in the airtight container are too  
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Fig. 7 SEM images of sample N-3 immersed in (a) H2O 60 °C, (b) DMF 60 °C, (c) EtOH 60 °C, (d) n-hexane 60 °C, (e) H2O 80 
°C, (f) DMF 80 °C, (g) EtOH 80 °C, (h) n-hexane 80 °C for 24 h. The curve in diameter distribution is the Gauss fitting of the 
figure. 

high to destroy the nanofibers. For DMF with a boiling point of 153 

°C, the measurements were conducted at 150 °C and 200 °C to study 

the resistance of high temperature (Fig. 8f, g). Even the temperature 

of 200 °C exceeded the boiling point of DMF, the nanofibrous mat 

remain undamaged after immersion for 24 h (Fig. 8h). The 

composite nanofibers thus have excellent stability in DMF solvent at 

a temperature as high as 200 °C. 

Atomic force microscopy (AFM) as one of the foremost tools 

for reflecting and measuring the surface morphology of the 

matter at the nanoscale has also been used to analyse the 

nanofibers. Fig. 9 presents the AFM 3D and 2D images 

revealing the changes in the topographical structure of the 

prepared nanofibers before and after the immersion. Fig. 9a 

shows the surface morphology of two paralleled single fibers 

together. After the immersion experiment, the nanofibers kept 

the morphology intact but the surface became rougher slightly. 

The image profile (Fig. S7) also show that the surface height 

fluctuation increased from 10 nm to 20-30 nm. 

 

Fig. 9 AFM images of (a) sample N-3: two paralleled single fibers, 
(b) sample N-3 immersed in DMF 200 °C for 24 h: a single fiber. 
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Fig. 8 SEM images of sample N-3 immersed in (a) H2O 100 °C, (b) DMF 100 °C, (c) EtOH 100 °C, (d) H2O 120 °C, (e) EtOH 120 °C, (f) 
DMF 150 °C, (g) DMF 200 °C for 24 h. The curve in diameter distribution is the Gauss fitting of the figure.(h) optical image of sample N-3 
immersed in DMF at 200 °C for 24 h. 

 

Mechanical properties 

The mechanical properties of the nanofibers are shown in Table. 2. 

The polymer nanofibers (sample N-0) exhibit great tensile strength, 

poor breaking elongation and the yield strength of zero. These 

figures are accordance with the fact that sample N-0 became rigid 

after the thermal treatment. Adding silica content to the nanofibers 

reduced the tensile strength significantly from 7.26 to 0.77 MPa 

(sample N-1). On the other hand, the breaking elongation of the 

nanofibers increased from 7.03 to 16.72% and the yield strength  

Table. 2 Mechanical properties of the ternary nanofibers. 

Sample 
No. 

Tensile strength 
(MPa) 

Breaking 
elongation (%) 

Yield strength 
(MPa) 

N-0 7.26 7.03 0 
N-1 0.77 16.72 0.11 
N-2 0.91 25.95 0.13 
N-3 1.51 45.57 0.26 
N-4 2.31 60.47 0.33 

 

increased to 0.11 MPa. With increasing silica content the tensile 

strength, breaking elongation and yield strength all rose to some 

extent. Although the tensile strength of sample N-4 was still much 

lower than that of sample N-0, the breaking elongation of the 

composite nanofibers was almost eight times larger than the polymer 

nanofibers. These results indicate that the composite nanofibers are 

malleable and can sustain some strength at yield.42 This explains that 

the composite nanofibers possess remarkable solvent and 

temperature resistant and the underline reason is the silica content 

form a network structure with the two polymers via chemical 

bonding which enhances the stability of the whole materials  

Conclusions 

In summary, a new type of novel organic-inorganic ternary 

nanofibers were successfully produced by cooperative fabrication. 

Through adjusting the mass ratio of the silica gel and polymer gel, 
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straight and homogeneous nanofibers were obtained. This 

PVA/PAA/SiO2 composite nanofibers exhibited remarkable stability 

in eight common solvents at various temperatures. After immersing 

in these solvents for 48 h, little change in the morphology and 

diameter distribution of the fibers was found. In the aspect of 

temperature, the fibers remain stable under the boiling point of all 

solvents. For DMF the nanofibers still kept intact even the 

temperature was raised up to 200 °C. The ternary electrospun 

nanofibers also showed great mechanical properties especially good 

at malleability with a high breaking elongation. The remarkable 

solvent and temperature resistance of the composite nanofibers as 

well as the great mechanical property might make the material 

applicable in some areas which are not practical before. Future 

researches would be focused on the functionalization of the fibers to 

improve the properties and extend its application fields. 
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