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Titanium dioxide fibers (TFs) and gold/titanium dioxide nanocomposite fibers
(Au/TFs) were fabricated through electrospinning. As observed from SEM, the TFs
and Au/TFs appeared as continuous non-woven fibers with fiber diameters in the
range of 80 to 130 nm. TEM images of Au/TFs revealed existence of gold particles,
14 to 18 nm in size. EDX result confirmed the existence of Au in Au/TFs samples.
From XRD analysis, as-spun TFs were amorphous. After heat treatment, the
prepared fibers transformed to anatase phase and the gold diffraction pattern
became apparent. Applying the method of Kubelka-Monk on the UV-Vis reflection
data, the energy gap of Au/TFs decreased from 3.20 to 3.08 eV, respectively.
Keywords: Electrospinning, titanium dioxide fibers, gold/titanium dioxide
nanocomposite fibers, energy gap.

INTRODUCTION
One-dimensional nanostructures (ODNs) of titanium
dioxide such as fibers, tubes, rods and wires allows faster
electron transport rate, high porosity and large surface-tovolume ratio (Lin and Wang, 2014; Jung et al., 2012). These
properties make them excellent photocatalysts for water
and wastewater treatment (Feng et al., 2014). The titanium
dioxide fibers (TFs) have attracted a great attention
because of their high surface area and clearly oriented
arrays which reduce the recombination rate of photogenerated hole (h+) and electron (e-) through interparticle
charge transfer (Jamil et al., 2012; Hou et al., 2014; Choi et
al., 2010).
The major drawback of the TFs is its ability to absorb
only ultraviolet light, which covers approximately 5% of the
total amount of the solar spectrum (Dong et al., 2015). The
ability to absorb visible region (approximately 47%) of
solar energy would increase solar catalytic efficiency and
could be done by various techniques such as incorporation
of noble metals (gold (Au), silver (Ag), platinum (Pt),
palladium (Pd) and copper (Cu) in order to form noble
metal/titanium dioxide composites (Zhang et al., 2013; Liu
et al., 2012; Nam et al., 2010; Moon et al., 2010; Thomas and
Yoon, 2012).
According to previous studies, noble metal nanoparticles
play a vital role in improving the photocatalytic activity of

titanium dioxide by encouraging the charge separation
(Ibhadon and Fitzpatrick, 2013). The supplementary effect
of incorporation of gold nanoparticles in titanium dioxide is
the localized surface plasmon resonance (LSPR), which
allows adsorption of low-energy visible light region (Yu et
al., 2017; Niu et al., 2016). The LSPR causes photoexcitation
of gold nanoparticles. Photoexcitation leads to charge
separation due to electron transfer from gold nanoparticles
to titanium dioxide conduction band (Du et al., 2009; Naya
and Kimura, 2013; Verbruggen, 2015). The characteristics
of noble metal/titanium dioxide nanocomposites are
strongly dependent on the morphology (Ma et al., 2015;
Gołąbiewska et al., 2016), size (Zieli´nska-Jurek et al., 2011;
Kimura et al., 2012) and content of noble metal
nanoparticles (Tanaka et al., 2013; Machín et al., 2017).
The aim of this research is to fabricate titanium dioxide
nanofibers and gold/titanium dioxide fibers (Au/TFs)
through electrospinning technique. In order to determine
the morphology, elemental composition, size, crystalline
nature and optical property of the prepared fibers, the
fibers were characterized using Scanning Electron
Microscope (SEM), Energy Dispersive X-ray Spectroscopy
(EDX), Transmission Electron Microscopy (TEM), X-ray
Diffractometer (XRD) and UV-Visible Diffusion Reflectance
Spectroscopy (UV-Vis DRS).
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Figure 1: SEM images of (a) TFs-0 (b) Au/TFs-0 (c) TFs-450 and (d) Au/TFs-450.

MATERIALS AND METHODS
Titanium dioxide fibers (TFs) and a titanium dioxide fibers
incorporated with gold nanoparticles (Au/TFs) were
fabricated by sol-gel reaction and electrospinning process.
The sol-gel precursor was prepared by mixing 0.5 ml of
titanium tetraisopropoxide (TTIP) (Merck) with 1 ml of
acetic acid (Carlo Erba) and 1 ml of ethanol (Carlo Erba).
The solution was then added dropwise into 0.15 g of the
polyvinyl pyrrolidone (PVP) (Sigma-aldrich) solution and
stirred for 1 h. Preparation of the gold doped TiO2 was
carried out by same procedures used for the preparation of
undoped TiO2 except that a 0.015 g of the gold (III)
chloroauric hydrate (HAuCl4·3H2O) (Sigma-aldrich) was
dissovled in PVP. After the precursor was prepared,
electrospinning was done using 23G stainless steel needle,
with tip-to-target distance of 15 cm and 15 kV applied
voltage. The electrospun fibers were heat treated at 450°C
for 1 h at a ramping rate of 5°C/min. The sample names
correspond to the heat treatment. The as-spun samples
were labeled "0" while calcined samples were labeled
"450".
The obtained fibers were characterized for their
morphology and gold dispersion using SEM (JEOL: SEM-

6610LV) and TEM (20S-twin TECNAIG2). Elemental
analysis and crystal structure examinations were
performed using EDX (JEOL: SEM-6610LV) and XRD
(Rigura: Miniflex). UV-Vis DRS (Perkin Elmer: LAmda650)
provided information about band gaps (Eg).
RESULTS AND DISCUSSION
The electrospun TFs and Au/TFs were successfully
fabricated into long continuous fibers as shown in Figure 1.
Figure 2 shows graphically the average diameter for the
prepared fibers. The diameter averages of fibers were 126
and 130 nm before heat treatment, respectively and were
80 and 95 nm after heat treatment at 450°C for an hour.
The fiber diameters were in the same range as those
previously reported (Saallah et al., 2016). With addition of
gold, the fiber diameter slightly increased. The diameter
sizes after calcination were smaller than those before heat
treatment, since the organic content was removed by heat
treatment. After heat treatment, some TFs samples became
more brittle, as slight fiber fractures were evident in SEM.
Table 1 shows that EDX confirmed the existence of gold
in Au/TFs. Both before and after heat treatment, the
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Figure 2: Average diameter of the electrospun TFs and Au/TFs.

Table 1: EDX results elements of TFs and Au/TFs.

Samples
TFs-0
TFs-450
Au/TFs-0
Au/TFs-450

OK
53.67
64.56
65.09
50.07

Elements (Weight %)
Ti K
Cl K
46.33
35.44
30.19
1.86
45.48
-

Au/TFs surface consisted of oxygen (O), titanium (Ti),
chlorine (Cl) and gold (Au). The EDX elemental mapping as
illustrated in Figure 3 showed that the component elements
were O, Ti, Cl and Au. It was observed from the elemental
mapping analysis that gold nanoparticles were uniformly
dispersed in the titanium dioxide fibers. From EDX
elemental composition and EDX mapping, TFs, on the other
hand, contained no gold.
Figure 4 shows TEM images of TFs and Au/TFs. Gold
nanoparticles appeared in all Au/TFs samples as dark
spots. Figure 4e shows the diameter averages of gold
nanoparticles in Au/TFs. With gold content, the particle

Au M
2.86
4.45

OK
77.62
84.51
85.37
76.30

Elements (Atomic %)
Ti K
Cl K
22.38
15.49
13.23
1.10
23.15
-

Au M
0.31
0.55

sizes were 18 nm before heat treatment and became 14 nm
after heat treatment at 450°C. In the TFs-450 sample,
although some dark islands were visible, EDX analysis
within the observed area confirmed that these dark regions
were not gold particles. Through TEM high resolution
examination, the fiber surfaces appeared bumpy.
From XRD analysis (Figure 5), all of the as-spun fibers
before heat treatment were amorphous. After heat
treatment at 450°C for 1 h, the amorphous TFs and Au/TFs
had transformed to anatase phase (JCPDS No. 78-2486).
The anatase phase (JCPDS No. 78-2486) included (101),
(004), (200), (105), (211), (204), (116), (220) and (215)
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Figure 3: EDX mapping and elemental analysis of (a) TFs-0 (b) TFs-450 (c) Au/TFs-0 and (d) Au/TFs-450.

reflections, from left to right, respectively. For Au/TFs-450
sample, additional gold diffraction pattern (JCPDS No. 040784) could be detected. Au reflections (JCPDS No. 040784) included (111), (200), (220) and (311), from left to
right, respectively. The gold diffraction pattern was not
apparent in the Au/TFs-0 possibly because the gold
component had not yet formed sufficiently large crystalline
particles.
Figure 6 shows the absorbance spectra of TFs and
Au/TFs in the wavelength window between 200 and 800
nm, respectively. The absorption spectra of TFs-0 and TFs-

450 consist of single broad intense absorption in the range
of 220 to 275 nm due to the charge-transfer from the
valence band to the conduction band (Sanches et al., 2018;
Wu and Chen, 2004). Au/TFs-450 sample shows adsorption
in ultraviolet as well as, in visible region around 540 nm.
The additional visible absorption corresponds to the
surface plasmon resonance absorption band of the gold
nanoparticles. Moreover, the doping of gold nanoparticles
into titanium dioxide could shift the adsorption edge from
ultraviolet region to visible region (Tada et al., 2001).
The optical absorption edge is the minimum photon
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Figure 4: TEM images of (a) TFs-0 (b) Au/TFs-0 (c) TFs-450 and (d) Au/TFs-450 and (e) Gold nanoparticle
diameter sizes before and after heat treatment.
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Figure 5: XRD patterns of (a) TFs-0 (b) Au/TFs-0 (c) TFs-450 and (d) Au/TFs-450.

energy required to excite an electron from the highest
occupied state at the top of the valence band to the lowest
unoccupied state at the bottom of the conduction band. The

optical absorption edge can be obtained using Tauc
equation, in which the absorption coefficient (α) is
described by:
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Figure 6: The UV-Vis absorbance spectra for TFs and Au/TFs fibers.

αh = A(h-Eg)n

(1)

In this equation, hυ is energy of the incident photon, A is a
constant factor, Eg is an energy band gap and n is a number
of band gap transition, which can be 1/2 or 2 for an indirect
and a direct transition, respectively (Debeila et al., 2005; EiNahass et al., 2012; Valencia et al., 2010). In the diffuse
reflectance experiments, scattering coefficients and
Kubelka-Munk function, F(R∞) can be assumed
proportional to the absorption coefficient within the
narrow range of energy containing the absorption edge
features (Barton et al., 1999). F(R∞) is obtained from UV-Vis
spectrum in the reflectance mode as:

F(R∞)h = A(h-Eg)

(2)

Equations 1 and 2 show that the absorption coefficient can
be derived from the diffuse reflectance using an inversion
method; the band gap can then be obtained from the
absorption coefficient. A plot of (F(R∞)h)1/n against hυ
(eV) can be used to determine energy band gap value.
Energy band gap was obtained based on the intersection of
the extrapolated line from the linear portion of the curve

with the x-axis,(1)
that is, where (F(R∞)h)1/n = 0.
Kubelka-Munk transformed reflectance spectra for an
indirect allowed transition and a direct allowed transition
are shown in Figures 7 and 8, respectively. For the
electrospun TFs and Au/TFs samples, the direct transition
calculations with n=2, yielded band gap values above 3.55
eV, which were not expected for anatase phase. Using
indirect transition calculations, the band gap values for TFs0 and TFs-450 samples were of 3.50 and 3.20 eV, which
corresponded correctly to amorphous and titanium dioxide
crystalline structure as confirmed with XRD (Valencia et al.,
2010). Thus, TFs follow an indirect transition. The same
results have been reported for other experiments in
literature (Barton et al., 1999; Serpone et al., 1995;
Monllor-Satoca et al., 2007; Welte et al., 2008). With
addition of gold
(2)chloride, the energy band gap of Au/TFs
appeared to be 3.08 eV, which was lower than that of TFs.
The addition of gold nanoparticle could lead to narrower
band gap due to two reasons: (1) the shift in absorption
maximum that results in reduced band gap energy and (2)
the addition of gold nanoparticles that act as electron traps,
which decrease the recombination rate (Kraeutler and
Bard, 1978; Lee and Choi, 2005). Heat treatment further
reduced energy band gaps for both TFs and Au/TFs by
approximately 0.12 eV.
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Figure 7: Kubelka-Munk transformed reflectance spectra for an indirect allowed transition of (a) TFs-0 (b)
Au/TFs-0 (c) TFs-450 and (d) Au/TFs-450.
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Figure 8: Kubelka-Munk transformed reflectance spectra for a direct allowed transition of (a) TFs-0 (b)
Au/TFs-0 (c) TFs-450 and (d) Au/TFs-450.
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Conclusions
The electrospun were successfully fabricated into long
continuous fibers with some macroscopic beads through an
electrospinning technique. Gold nanoparticles were
successfully incorporated in titanium dioxide fibers with
spherical shape and dispersed on the titanium dioxide
matrix surface. Furthermore, the dispersion of gold
nanoparticles in the composites was examined using TEM
in which the result is in line with EDX and elemental
mapping analysis. XRD patterns proved the existence of
gold nanoparticles incorporated in titanium dioxide fibers.
Heat treatment was found to significantly affect the average
diameter of electrospun TFs and Au/TFs. These amorphous
TFs and Au/TFs were heated to 450°C to obtain anatase
phase. The addition of gold nanoparticles in titanium
dioxide yielded a decrease in energy band gap. The
obtained gold/titanium dioxide composite fibers can
potentially be used as photocatalysts with better
absorption in the visible range.
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