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ABSTRACT

Pure as well different concentrations of silver-loaded 
titanium dioxide (TiO2) nanofibers of uniform and smooth 
surfaces were prepared by the sol gel and Electro-spinning 
technique primarily consists of TiP/pvp. The mean diameter 
of the obtained nanofibers ranges between 20 nm and 120 
nm. The effect of silver loading on the fiber size and crystal 
structure was investigated. Post-calcination of nanofibers 
mats on 500°C resulted from the rutile phase to the anatase 
phase transformation. The effect of temperature (500°C was 
also studied on the size and morphology of the nanofibers. 
The structural, morphological, compositional, and optical 
properties were investigated by using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and UV-Vis absorption 
spectroscopy. In addition to this, the antibacterial effect of 
pure TiO2 and Ag-loaded TiO2 nanofibers were also studied 
against E. coli. and S. aureus. by using the Kirby Bauer method.

Keywords: Electrospinning, Titanium Dioxide, Loading, 
Nanofibers.

INTRODUCTION

Titanium dioxide (TiO2) is one of the wide band gap 
semiconductor used in sensors, antibacterial agents, self-
cleaner, water purification, transparent electrode, and other 
optoelectronic devices [1,2]. TiO2 exists in three crystalline 
phases rutile phase, anatase phase, and brookite phase, but 
most common crystalline polymorphs of TiO2 are metastable 
A and stable R-phases. The anpresence of either or both of 
these crystalline phases impacts the antibacterial performance 
of TiO2. A-phase has been reported to have a lower surface 
enthalpy and surface free energy than R-phase. Rutile and 
anatase have tetragonal structures while brookite has the 
orthorhombic structure [3]. The rutile phase is widely used 
in cosmetics, ultraviolent (UV) absorbance, and high-quality 
paints because of its high refractive index and UV absorbance 
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[4]. Anatase phase is an optically and electrically +active and 
can be used an antibacterial agent, solar cells, in photonic 
devices and photo-catalysis [5]. titanium dioxide can be 
synthesized in the form of powder, thin films, etc. Thin films of 
TiO2 can be prepared by the gas phase method. The important 
techniques are Chemical Vapor Deposition (CVD) [6], Spray 
Pyrolysis Deposition (SPD) [7] and Physical Vapor Deposition 
(PVD) [6].

Electro-spinning is a widely used technique to synthesize 
nanofibers. In this research work, TiO2/PVP, a hydrophilic 
polymer composite nanofiber was prepared by the sol-
gel method combining with electrospinning technique. 
Specifically, the photocatalytic nature of titanium dioxide 
has made it’s the best candidate of antimicrobial agent 
because it is a non-toxic, chemically stable, low cost, and 
Generally Recognized as Safe (GRAS) substance. Moreover, the 
silver/anatase composite nanofibers exhibited an excellent 
antibacterial rather than pure TiO2 nanofibers [8].

The aim of this research work is to study the effect of silver (Ag) 
on the morphology, crystal structure and optical band gap of 
TiO2 nanofibers. Silver ions continuously release silver ions 
which play an important role in killing the bacteria; therefore, 
antibacterial properties of TiO2 have also been studied against 
E. coli and S. aureus.

Experimental 

For the electrospinning suspension, 1.5 ml of titanium (IV) 
isopropoxide was mixed with 3 ml of acetic acid and left 
on stirring for 30 min continuously at room temperature, 
named as solution 1. In parallel, sliver nitrate (AgNO3), 3 ml 
of DMF and 0.6 g of PVP (MW is 189,000) was added to 7 ml 
of ethanol and stirred for 15 min, named as solution 2. The 
solution 2 and solution 1 are mixed with four different loading 
concentration (0, 5, 10 and 15 wt % of the TiP) of silver nitrate 
for the electrospinning. Finally, the mixed solutions put on the 
stirrer for one hour. The as-prepared solution was used for the 
electrospinning to prepare nanofibers.

Figure 1. Schematic of the material synthesis.

The suspension was loaded into a syringe with a 26-gauge 
metallic needle. The high voltage D.C. power supply capable 
to generate 50 kV (Del Electronics Crop) was connected at the 
tip of the needle. The feeding rate was controlled by using 
a microcontroller. The feeding rate was kept at 1 ml/hr. The 
collector's copper plate was wrapped with aluminum foil and 
the distance between the tip of the syringe and the collector 
was kept at 14 cm to collect the nanofibers. An electrical field 
(20 kV) is applied between the syringe metallic needle and 

the grounded collector by the use of a high voltage supply. As 
the strength of the applied field increases, the curved surface 
of the fluid at the needle tip of the capillary tube stretches to 
form a cone known as the T- cone or Taylor cone [9,10]. The 
highly impermeable nanofibers are collected at a grounded 
collector, woven as well as non-woven mats [11,12]. The 
prepared nanofibers were left in the air for at least 3 hours to 
dry and complete the hydrolysis of TiP. In the end, the as-spun 
nanofibers were calcined in a furnace at temperature To 
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The suspension was loaded into a syringe with a 26-gauge 
metallic needle. The high voltage D.C. power supply capable 
to generate 50 kV (Del Electronics Crop) was connected at the 
tip of the needle. The feeding rate was controlled by using 
a microcontroller. The feeding rate was kept at 1 ml/hr. The 
collector's copper plate was wrapped with aluminum foil and 
the distance between the tip of the syringe and the collector 
was kept at 14 cm to collect the nanofibers. An electrical field 
(20 kV) is applied between the syringe metallic needle and 
the grounded collector by the use of a high voltage supply. As 

the strength of the applied field increases, the curved surface 
of the fluid at the needle tip of the capillary tube stretches to 
form a cone known as the T- cone or Taylor cone [9,10]. The 
highly impermeable nanofibers are collected at a grounded 
collector, woven as well as non-woven mats [11,12]. The 
prepared nanofibers were left in the air for at least 3 hours to 
dry and complete the hydrolysis of TiP. In the end, the as-spun 
nanofibers were calcined in a furnace at temperature 500°C 
with 5°C/min for three hours for to remove PVP and other 
unwanted species.

Figure 2. Vertical Arrangement for Electro-spinning.

The surface morphology and the elemental analysis of 
the nanofibers were studied by using scanning electron 
microscopy (Format Jeo/Eo, versioin1.1) equipped with EDX. 
The crystal phases of the nanofibers were observed by using 
an X-rays diffractometer (MIA Cu Kα radiative source). The 
Optical band gaps of the Ag-loaded TiO2 nanofibers were 
studied by using UV-vis spectroscopy. Raman spectroscopy 
was used to study molecular interactions, chemical structure, 
phase and polymorph of the nanofibers. Antibacterial test was 
done by using Kirby-Bauer technique.

RESULTS AND DISCUSSION

SEM Analysis

SEM micrographs in Figure 3 confirm the formation of 
continuous and thin long nanofibers. The surface of Ag-loaded 

TiO2 nanofibers is rough compared to pure TiO2 nanofibers. 
The diameter of silver loaded TiO2 nanofibers decreased 
because Ag-loaded TiO2 has only the anatase phase which has 
a smaller grain size as compared to the rutile phase. Moreover, 
the diameter of calcinated nanofibers is small as compared 
to the as-spun nanofibers due to elimination of PVP, ethanol, 
rearrangement of atoms, the disintegration of TiP, and the 
subsequent sintering [13].

It is shown in micrographs that dendrite like structures were 
grown on the nanofibers surfaces which are due to the silver 
ions over the entire surface. These dendrites like structures 
have also been reported for other metals like copper, gold, 
zinc and silver as well and have been analyzed for different 
materials like ceramic, polymers, etc. [14,15].
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To confirm the Ag particles are present in the TiO2 nanofibers, 
Energy dispersive X-ray spectroscopy (EDX) has been used 
at different points of the nanofibers and obtained different 

concentrations of the silver in fibers shown in Figure 4. 
According to EDX the fiber composition of each element is 
shown in the table 1 below:

Figure 3. SEM micrographs of Calcined nanofibers at 500°C a) Pure TiO2 b) 5 wt % Ag c) 10 wt % Ag d) 15 wt % Ag loaded TiO2 

nanofibers.

Table 1. Percentage composition of each element in the electrospun nanofibers calcined at 500 °C

Samples Ti (%) Oxygen (%) Silver %

Pure TiO2 59.3 40.3 0

5 wt % Ag-TiO2 85.1 10.6 4.3

10 wt % Ag-TiO2 51.8 40.8 7.8

15 wt % Ag-TiO2 52.6 27.7 21.6
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X-ray Diffraction

X-ray diffraction (XRD) is used to study the crystallographic 
structure, orientation of the planes and the identification 
of crystalline materials [16]. From the Figures, it was found 
that both anatase and rutile phases are present in the 
pure TiO2, but as the concentration of Ag increased the 
rutile phase disappeared. The fact is that due to pinning of 
domain boundaries the domain mobility is limited by crystal 
defects [17]. The un-dissolved silver particles remain at the 
grain boundaries leading to reduce the particle contact 
and restrict them from grain growth and phase transition. 
Thus, silver content restricted the anatase phase to rutile 
phase transformation. Ag-loaded TiO2 nanofibers has a 
larger crystallite size than the pure TiO2 nanofibers. Seery et 

al. reported that the silver ion has a larger radius of 130 pm 
compared to the 68 pm of TiO2, therefor Ag particles remain 
at the surface, preventing the phase transformation [18]. 
As the Ag concentration increased, dislocation density also 
increased. The dislocation density can be determined by using 
the formula σ = 1/D2 lines/nm2. In the Figure 5, the diffraction 
peaks at 25.63°, 44.54°, 64.79°, and 77.96° corresponds to the 
planes of (101), (002), (312), and (103) respectively, which 
represent the formation of anatase phases of Titania. The peak 
of rutile phase can be seen at 38.29° and 47.6° respectively, 
which are associated with the lattice planes of (211) and (303) 
(PDF number 01-083-2243). In Figure 5-d diffraction peaks of 
metallic silver at 77.76o and 82.19o and were produced with 
crystal planes of (022) and (222) which were confirmed by the 
(PDF number 01-073-1774).

Figure 4. EDX spectroscopy pattern of calcined nanofibers at 500°C a) Pure TiO2 b) 5 wt %Ag c) 10 wt % Ag d) 15 wt % Ag 
loaded TiO2 nanofibers.
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UV-Vis Spectroscopy

Ultraviolet spectroscopy is used to investigate the optical 
properties of TiO2 and silver-doped TiO2 nanofibers. Pure TiO2 
nanofibers have the band gap spectra in the UV range but 
due to the incorporation of silver in the titanium dioxide, its 
absorbance band relocate to redshift of light in the region of 
300 nm – 610 nm with the increase in the absorption of light. 
The absorption band gap can be calculated by plotting the 
horizontal line and the absorbance edge to measure the gap 
energy.

Plank’s equation is used to find the band gap energies shown 
in Table 2. The Plank’s equation is E=hf or E=hc/λ, where h is 
the Plank constant (6.62*10-34 Js), λ is the cut-off wavelength 
and c is the light velocity (3*108 m/s). Figure 6 shows the 
UV-Vis absorption spectra of pure and 5%, 10% and 15% Ag 
loaded TiO2 e-fibers calcined at 500°C.

Silver has a low Fermi level than TiO2. The loaded Ag remains 
at the surface of the TiO2 nanofibers and acts as the transfer 
agent for the produced photons. Therefore, Ag increased 
the separation time of electron-hole pair and decreases their 
recombination consequential in increasingly visible light 
absorption.

Figure 5. XRD pattern of Calcined nanofibers at 500°C a) Pure TiO2 b) 5 wt % Ag c) 10 wt % Ag d) 15 wt % Ag loaded TiO2 

nanofibers.

Materials Calcination Temperature (°C) Cut off Wavelength (nm) Band gap (eV)

Pure TiO2 nanofibers 500 538 3.3

5% Ag- loaded TiO2 nanofibers 500 560 2.18

10% Ag- loaded TiO2 nanofibers 500 576 2.12

15% Ag- loaded TiO2 nanofibers 500 608 2.02

Table 2. Representing the cut-off wavelength (nm) and band gap (eV) of Pure and Ag- loaded TiO2 nanofibers 

calcined at 500°C
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Raman Spectroscopy 

Raman spectroscopy (RS) is a non-destructive technique 
which gives us complete information about crystallinity, 
molecular interactions, chemical structure, phase and 
polymorph of materials. In this work, TiO2 nanofibers were 
studied as a function of silver loading into nanofibers matrices 
and their transformation from rutile to anatase phase at 
elevated temperature (500°C). Figure 7 shows four distinctive 
vibrational peaks, which corresponds to 158(gap energy), 

257(B1), 406(A1) and 598(gap energy) cm-1, respectively. 
All the peaks were assigned to anatase phase of the TiO2 
nanofibers because at higher temperature the dominant 
phase is anatase. The two vibration peaks observed at 158 
cm-1 and 257 cm-1 are attribute to O—Ti—O bending mode 
while the other two vibrating modes observed at 406 cm-1 
and 598 cm-1 attribute to O—Ti bond stretching type mode. 
A very small peak of TiO2 anatase phase were also observed at 
190 cm-1  [19]. 

Figure 6. UV-vis spectroscopy of calcined nanofibers at 500°C a) Pure TiO2 b) 5 wt %Ag c) 10 wt % Ag d) 15 wt % Ag 
loaded TiO2 nanofibers.
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Figure 7. Raman Spectra of Calcined Nanofiber at 500°C a) Pure TiO2 b) 5 wt %Ag c) 10 wt % Ag d) 15 wt % Ag 
loaded TiO2 nanofibers.

Antibacterial Capability of TiO2/Ag Composite Nanofibers

Various tests such as Kirby-Bauer, Agar diffusion or Disk 
diffusion have been used for study the resistance or resistivity 
of the pathogenic bacteria as a standard for many years [20]. 
Disk diffusion technique was first used in the 1950s, and 
later modified by W. Kirby and A. Bauer (Kirby-Bauer) and 
finally becomes the standardization by the WHO in 1961. 
This method is used to test the susceptibility of an antibiotic 
against pathogenic bacteria. The resistance of the bacterium 
or sensitivity of the antibiotic is measured by the circular path 
around the antibiotic disk.

The Antibacterial activities of pure and Ag-loaded TiO2 
nanofibers were studied against Gram +ve (S. aureus). and 
Gram –ve (E. coli). bacteria by using the disk diffusion method. 
Firstly, Ag ions (Ag+) interact to the bacterial cell wall, delaying 
transport of materials in and out of the cell. Secondly, in the 
bacterial cell, Ag-ions bind with DNA and prevent bacterial 
cell division stopping. Lastly, Ag-ions are entered into the 
bacterial cell, where they chunk the respiratory system of the 
bacteria abolishing the energy production of the cell. Kim et al 
[21] have proposed that AgNPs has the ability to produce free 
radicles which are responsible to damage the cell membrane 

of the bacteria. In Figure (8-f ), the 25mm clear inhibitory zone 
appeared around 20 mg of 10% Ag-loaded TiO2 nanofibers 
against E. coli. after incubation throughout the day (24 hours). 
The S. aureus. (24mm) in Figure (8-e) showed that silver loaded 
TiO2 nanofibers are effective against pathogenic bacteria. 
From the results it is found that higher concentration of silver 
reduced their effectiveness against bacteria, this is because 
of the reduction in active species (Ag particles), which were 
associated with the agglomeration of Ag-grains [22]. Based 
on the zone of inhibition analysis, in Table 4, it was found that 
when the bacterial strain is subjected to 10 wt % silver loaded 
TiO2 nanofibers, the inhibition zone of S. aureus. and E. coli. 
were increased significantly.

Relatively, Gram +ve have more negatively charged 
peptidoglycan in their cell wall than Gram –ve. Therefore, 
Gram +ve bacteria may allow less Ag+ to reach the plasma 
membrane than Gram –ve species. It is also concluded 
from the results that antimicrobial activities of calcined TiO2 
nanofibers are slightly more than its as-spun nanofibers, due 
to transformation of the amorphous phase to pure anatase 
TiO2 nanofibers at 500°C, which have the indirect band gap of 
3.2 eV [23].
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Table 3. Antibacterial activity of pure and 5 wt % Ag-loaded TiO2 nanofibers calcine at 500°C

Sr. 
No

Pathogenic 
Bacteria

Zone of inhibition (mm)
The concentration of calcined 10 wt % Ag loaded 

TiO2 nanofibers
The concentration of calcined 15 wt % Ag-loaded 

TiO2 nanofibers

2.5 (mg) 5 (mg) 10 (mg) 20 (mg) 2.5 (mg) 5 (mg) 10 (mg) 20 (mg)

01 S.aureus 0mm 10mm 20mm 24mm 0mm 6mm 16mm 21mm

02 E. coli 0mm 12mm 22mm 25mm 0mm 8mm 18mm 22mm

Figure 8. Antibacterial activity of Electro-spun nanofiber calcined at 500°C a) Pure TiO2 nanofiber against S.aureus 
b) Pure TiO2 Pure TiO2 nanofiber against E.coli c) 5 wt % Ag against E.coli d) 5 wt % Ag against S.aureus. e) 10 wt %

Ag against S.aureus. f) 10 wt % Ag against E. coli. g) 15 wt % Ag against E. coli. h) 15 wt % Ag against S.aureus.

Table 4. Antibacterial activity of 10 and 15 wt % Ag- loaded TiO2 nanofibers calcined at 500°C

Sr. 
No.

Pathogenic 
Bacteria

Zone of inhibition (mm)
The concentration of calcined Pure TiO2 

nanofibers
The concentration of calcined 5 wt % Ag-loaded TiO2 

nanofibers
2.5 (mg) 5 (mg) 10 (mg) 20 (mg) 2.5 (mg) 5 (mg) 10 (mg) 20  (mg)

1 S.aureus. 0mm 9mm 16mm 20mm 0mm 8mm 18mm 22mm

2 E. coli 0mm 5mm 18mm 21mm 0mm 10mm 20mm 23mm

CONCLUSION

Silver-doped TiO2/PVP based nanofibers were fabricated by 
using the electrospinning technique. Electrospun nanofibers 
were heat treated at 500°C to remove the polymers. The 
addition of silver enhanced not only the nanofibers crystallinity 
but also increased the antibacterial activities of the nanofibers. 
It was found that higher concentration of silver reduced their 
effectiveness against bacteria, this is because of the reduction 
in active species (Ag particles), which were associated with 
the agglomeration of Ag-grains. SEM, EDX, XRD, UV-Vis and 
Raman spectroscopy confirmed the formation of electro-spun 
nanofibers. The size of the pure nanofibers was found larger 

than silver loaded TiO2 nanofibers due to the phase transition 
from rutile to anatase phase. The optical band gap of the silver 
loaded nanofibers shifted toward the red-shift because Ag 
has increased the separation time of electron-hole pair and 
decreases their recombination time significantly, results in 
increase visible light absorption.
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