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In this study, novel Fe-doped amorphous TiO2/C nanofibers were successfully synthesized using a
simple electrospinning technique. Typically, calcination of electrospun mats composed of titanium
isopropoxide, iron acetate and polyvinylpyrrolidone (PVP) in argon atmosphere resulted in producing
the introduced nanofibers. Scanning electronic microscopy (SEM), X-ray diffraction (XRD),
transmission electron microscope (TEM), and X-ray photoelectron spectroscopy (XPS) were used for
characterization of the produced nanofibers. The obtained nanofibers exhibit good electrochemical
properties, presenting enhanced capacitive behavior with maximum specific capacitance of 137 F/g at
a scan rate of 5mV/s in 1M KOH aqueous solution. The enhancement in the capacitance property of
these materials could be attributed to the increased conductivity of TiO2. Remarkably, it exhibits an
excellent cycling stability.
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1. INTRODUCTION
Global rapid consumption of energy and environmental impact of traditional energy resources
have inspired a growing need to develop new kinds of clean, sustainable energy conversion and
storage systems such as batteries and super capacitors [1]. The super capacitors have a larger power
density than common batteries and can be totally discharged without any deleterious. They can provide
power pulses for a large variety of applications ranging from consumer electronics through hybrid
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electric vehicles (HEVs) to industrial electric utilities. In addition, they are classified as an electrical
double layer capacitor (EDLC) or a pseudo-capacitor depending on the charge-storage mechanism [24]. Moreover, their electrochemical performance depends on the electrode materials.
Such ideal materials are required to possess a high specific surface area, a controlled porosity, a
high electronic conductivity, desirable electro active sites, and a high thermal and chemical
stability[5]. For example, metal oxides nonomaterial are inexpensive and environmentally friendly
with good electrochemical performance[6]. Amorphous TiO2 (a-TiO2) is one of the metal oxides that
has got recent attention as an alternative to crystalline TiO2 phases[7]. It has a bigger surface area
leading to higher adsorptive, widely available in nature, can be prepared at room temperature, can be
processed into different forms, and may allow much wider range of dopants. Studies showed that aTiO2 dye sensitized solar cell has been found to exhibits a higher efficiency as compared to the nanocrystalline TiO2 layer[7, 8].
Nanoscale strongly enhances the physiochemical properties of the carbonaceous materials.
Among the several reported nanostructures, one-dimensional structure meets the attention of the
researchers due to the novel characteristics. Accordingly, much literature was introduced about 1D
carbon, e.g. nanotube (CNT) and nanofibers (CNF). Among the 1D nanostructures, nanofibers have
special interest. Owing to large surface-to-volume ratio, tunable transport properties, and unique
surface chemistry, nanofibers are expecting to become important building blocks for harvesting solar,
thermal, mechanical, and chemical energy, as well as electrical and electrochemical energy storage [914].
In this study, a-TiO2 nanofibers doping with carbon and iron were prepared simply by
electrospinning of a polymeric solution that contains titanium isopropoxide (TiIso) and iron acetate
(FeAc) with polyvinylpyrrolidone (PVP). Then, calcination of the obtained nanofibers mats was
C for 3 hrs. The super capacitive properties of the produced material
were investigated by using cyclic voltammetry in 1M KOH. The electrode is expected to give good
super capacitive properties because it has a higher electrical conductivity and fibrous nature.

2. EXPERIMENTAL
2.1 Procedure
First, 1.8 g TiIso was added to a solution consisting of 3 g acetic acid and 2 g ethanol. The
mixture was stirred for 15 min. Second, 20 g of 7.5% PVP were added to the prepared solution in order
to prepare a TiIso and PVP sol-gel. Stirring continued until getting yellow transparent sol-gel. Third,
0.017g FeAc was dissolved in the minimum amounts of DMF and mixed with the original TiIso/PVP
sol–gel. After that, the prepared sol-gels were subjected to electrospinning process. The solutions were
briefly electro spun at 20 kV and a 15-cm working distance. Then, the formed nanofiber mats were
initially dried for 24 h at 60 oC under vacuum and calcined. The calcination process was carried out
under argon atmosphere at 1 atm and 900 oC for 3 h.
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2.2 Characterization
Surface morphology was studied by scanning electron microscope (SEM, JEOL JSM-5900,
Japan) and field-emission scanning electron microscope equipped with EDX analysis tool (FESEM,
Hitachi S-7400, Japan). Information about the phase and crystallinity was obtained by using Rigaku Xy ff
m
(XRD, R k , J p ) w h C Kα (λ = 1.54 Å)
v B
l
o
from 10 to 80 . Normal and high resolution images were obtained with transmission electron
microscope (TEM, JEOL JEM-2010, Japan) operated at 200 kV equipped with EDX analysis.
Electrochemical measurements were performed in a 1 M KOH solution using conventional threeelectrode electrochemical cell. A Pt wire and an Ag/AgCl electrode were used as the auxiliary and
reference electrodes, respectively.

3. RESULTS AND DISCUSSION

Figure 1. SEM image of the dried nanofibers (A), FESEM image of the nanofibers after calcination(B)

Fig.1 A shows SEM of the freshly prepared electrospun nanoﬁber mat. As shown in the figure,
the nanofibers are clear and containous without beads. In addition, they have a random distribution due
to the bending instability accompanied with the spinning jet. Fig. 1B displays the FE SEM images of
the obtained nanofibers after calcination. As displayed, the final product however exhibits a good
morphology indicating that the calcination process did not affect h
ﬁb
m ph l y.
Calcination of the obtained electrospun nanofiber mats resulted in some decrease in the average
diameter of the sintered nanofibers compared to the original ones. Moreover, the final nanofibers have
a rough surface and irregular borders with an average diameter of 600 nm.
Structural characterization of the prepared nanofibers was studied and shown in Fig. 2A. The
normal TEM image of the a-TiO2 nanofibers shows a rough surface with irregular boarder. The inset in
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Fig. 2A presents the SAED pattern where there are dislocation and imperfection. Typical XRD
patterns of the nanofibers obtained after the calcination process are presented in Fig. 2B. No sharp
diffraction peak of any crystalline phase is observed indicating that all the synthesized nanofibers have
an amorphous structure except for a very broad peak in the range of 22–25◦ which corresponded to
anatase phase.

Figure 2. TEM images (A) (the inset displays SAED), and XRD pattern (B) (the inset displays HR
TEM image )of the nanofibers.

Figure 3. XPS spectrum of the obtain nanofibers.

Int. J. Electrochem. Sci., Vol. 10, 2015

3121

In addition, a weak peak located at 2θ v l
f 62° was observed. The pattern indicates that
the Fe species are highly dispersed in the TiO2/C matrix without any crystalline formation. The
presence of small diffractions around 62◦ might be due to the characteristic TiO2 (anatase phase).
These peaks are of low intensity due to the amorphous TiO2 matrix. The HR TEM image (inset) of the
part of the main TiO2 NF indicates the absence of parallel atomic planes and reveals amorphous
structure of the produced nanofibers. As displayed, dark portion from crystalline iron nano particles
are presented along the nanofibers.
Surface composition and valence state of the prepared nanofibers were determined by X-ray
photoelectron spectroscopy (XPS) analysis as shown in Fig. 3. As shown, the spectrum reveals the
presence of Ti2p (∼464 eV) and (∼459 eV) [15], C1s(∼285 eV)[15], Fe3p (~62 eV), and O1s (∼530
eV)[16] core levels.

Figure 4. Cyclic voltammetry curves for the in 1 M KOH solution at different scan rates (A), and
effect of the scan rate on the specific capacitance (B).
In this work, a nano scale amorphous TiO2 electrode was chosen expecting an increase in the
adsorptive capacity. It was reported that an increase in the concentration of interfacial regions in
amorphous materials may form percolation pathways to facilitate the diffusion of ions [17]. Moreover,
the carbon has a very good electrical conductivity, thus it exhibits much lower resistance for the
electron transfer. Therefore, the presence of Fe and C was means an increase in the conductivity of the
TiO2 support. Fig. 4A displays the CV curves of the introduced nanofibers electrode at different scan
rates. All the CV curves exhibits an almost rectangular shape without any obvious redox peaks or
Faradic reactions indicating good charge propagation within the electrodes and therefore, a good
capacitive behavior. Additionally, they reveal that the mechanism of electrochemical storage is typical
for electrochemical double layer capacitors. According to this theory, energy storage in these
electrodes is the accumulation of ionic charge in the double layer at the electrode/electrolyte interface
and this might due to the high surface area. The relatively linear increase of the current density with
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increasing scan rate demonstrates that the charge is primarily non-faradic in nature and the
contribution of the faradic part might be very little, if it exists at all. Moreover, The CV measurements
indicate that the introduced nanofibers were stable in the 1M KOH electrolyte within the potential
range of interest. This suggests that nanofibers were appropriate electrode materials for
electrochemical super capacitors. Furthermore, the nano fibers exhibit the specific capacitance of 137
F/g at a scan rate of 5 mV/s.
The effect of different scan rates on the capacitive behavior of electrode was studied and the
results are presented in Fig. 4B. As expected, the specific capacitance decreased gradually as the scan
rate increases. That may be due to that too large currents may reduce the accessibility of ions through
the micro pores and thus reduces the specific capacitance indicating not only a reduction in the
equivalent series resistance of the nanofibers web electrode, but also a reduction in the ability of ions
to penetrate the pores.

4. CONCLUSION
Amorphous titanium oxide doping with iron and carbon nanofibers can be synthesized by the
electrospinning of a sol-gel composed of titanium isopropoxide, iron acetate and polyvinylpyrrolidone
(PVP) followed by calcinations process. The modified amorphous titanium oxide nanofibers can be
exploited as potential electrode material for the electrochemical supercapacitors. The improved
electrochemical performance of the electrode was attributed mainly to the high specific surface area,
fast electron transport, and increasing in the conductivity of the TiO2.
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