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Abstract: In this work, aligned TiO2 nanofibers (NFs) were synthesized using an electrospinning
technique with a two-piece Al collector. The effects of processing parameters, including the calcination
temperature, applied voltage, and needle-to-Al-collector distance, were studied. The final phase of
TiO2 was determined using the calcination temperature; calcination at 500 ◦C resulted in the formation
of anatase phase, whereas calcination at 600 ◦C resulted in the formation of rutile phase. In addition,
with the increase of calcination temperature, the diameter of the synthesized NFs decreased owing to
the sintering and coalescence of nanograins existing in individual NFs. A specially designed collector
configuration resulted in the parallel alignment of TiO2 NFs. The needle-to-collector distance and
applied voltages caused the change in diameter and alignment of NFs. The diameter had an inverse
relation with the needle-to-collector distance, and an optimal value of applied voltage was required
to achieve TiO2 NFs with the smallest diameter. Furthermore, with the increase of applied voltage,
the morphology of TiO2 NFs changed from an aligned to a disordered state.
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1. Introduction

Titanium dioxide (TiO2) is one of the most important functional materials with promising
electronic and optical properties. It has a band gap of ∼3.2 eV for anatase and brookite phases and
∼3.0 eV for rutile phase, with n-type semiconducting properties [1]. Additionally, TiO2 is transparent
and has a high refractive index [2]. Accordingly, it is extensively used for different applications such
as gas sensing [3], fuel cells [4], photocatalysis [5,6], photovoltaics [7,8], and photonics [9]. Owing to
the high surface-to-volume ratio of one-dimensional (1-D) nanomaterials, TiO2 nanostructures with
1-D morphology such as nanorods [10], nanowires [11], nanotubes [12], and nanofibers (NFs) [13] are
generally utilized for applications requiring a high surface-to-volume ratio, resulting in the enhanced
performance of the fabricated device. However, most applications require the size of TiO2 to be
controllable for better performance, which is not easily realized.

Among the aforementioned morphologies, NFs have the advantage of easy synthesis using the
cost-effective and facile electrospinning (ES) method [14]. By using the ES method, the diameter of the
synthesized NFs can be adjusted by controlling the processing variables [15]. In a typical process of ES,
under the effect of an electric field, a viscous solution is extruded from a needle to form a small droplet.
If the electric field is sufficiently large, a liquid jet is formed and it accelerates toward a grounded
conductive collector, which is at a given distance from the needle, and thus NFs can be produced [16].
The NFs are often deposited without preferred alignment. The morphology and diameter of the
synthesized NFs are affected by the intrinsic properties of the solution and operational conditions such
as the strength of the applied field and needle-to-collector distance. By controlling these variables, it is
possible to control the diameter, length, and alignment of the synthesized NFs [17].
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Well-aligned and highly ordered NFs can lead to a higher molecular orientation and degree of
crystallinity and, as a result, better mechanical properties [18]. Furthermore, due to the existence of
a long 1-D current path, the electrons can flow faster within aligned NFs relative to non-aligned NFs,
where there are more junctions among NFs. Therefore, aligned NFs have enhanced electronic transport
properties. [19].

Accordingly, the alignment of NFs is important for various applications. For example, microelectronics
and photonics devices often require well-aligned and highly ordered structures to demonstrate their best
performances [18]. Field-emission sources with highly aligned architectures are highly efficient [20].
Nanosensors with an aligned structure can offer better sensitivity [21]. Optical properties of devices with
an aligned structure can be enhanced [22]. In tissue engineering, aligned NFs significantly enhance cell
response [23].

Accordingly, many researchers have investigated different strategies to control the parameters
of ES in order to obtain aligned NFs [24–26]. A simple method to generate uniaxially aligned NFs
is to introduce a small gap into a charged collector [16]. The as-spun NFs produced via normal ES
are highly charged. As the bending instability of a charged jet initiates its movement, as-electrospun
NFs are generally randomized. Further, in the presence of a single grounded conductive plate used
as the collector, electrostatic forces (strong external field, collector, and any adjacent charged NFs)
affect the motion of the ejected fiber and there is no preferential direction of the as-spun NFs in the
collector. Consequently, NFs are randomly collected on the surface of the collector. In contrast, when
an insulating gap (air) is introduced into the conductive collector, the configuration of the electric field
is changed. Thus, the directions of the electrostatic forces acting on the NFs are changed, which can
eventually change the forces acting on the fiber and consequently the alignment of NFs [18].

In this study, we synthesized aligned TiO2 using the ES method with polyvinyl pyrrolidone
(PVP) and Ti tetraisopropoxide (Ti(Oipr)4) as precursors. We studied the effects of changing the
calcination temperature, applied voltage, and needle-to-Al-collector distance on the final diameter
of the synthesized TiO2 NFs. It was observed that all of the studied parameters affected the final
diameters and alignment of the synthesized NFs. Therefore, this work highlights the need for the
optimization of the process parameters to achieve aligned TiO2 NFs with small diameters.

2. Materials and Methods

2.1. Synthesis of Viscous Solution of PVP and (Ti(Oipr)4)

In order to synthesize TiO2 NFs using ES, PVP (Mw 1,300,000 g·mol−1) and Ti tetraisopropoxide
(Ti(Oipr)4) were used as the starting materials. First, a solvent composed of acetic acid (27 wt.%) and
ethanol (73 wt.%) was prepared. A mixed solvent was also used in other studies [27,28]. Ethanol was
chosen due to the easy evaporation during the electrospinning process and acid acetic was chosen due
to the increase of solution viscosity and dissolution of precursors. Subsequently, a PVP solution was
prepared by dissolving 7.5 wt.% PVP in a mixed solvent while stirring for 4 h at 75 ◦C. Then, 10 wt.%
(Ti(Oipr)4) was added to the PVP solution under magnetic stirring at 75 ◦C for 6 h until a homogeneous
viscous solution containing PVP and (Ti(Oipr)4) was obtained.

2.2. ES Procedure

In this study, a special ES apparatus was used to synthesize well-aligned TiO2 NFs. Usually,
a collector is used in the ES process, but in this study, two Al collectors were used and grounded with
a negative charge. The distance between the two collectors was 2 cm. Figure 1 shows the schematic
illustration of the ES apparatus. The prepared viscous solution of PVP and (Ti(Oipr)4) was drawn into
a syringe with a 21-gauge stainless steel needle. The distance between the tip of the needle and the
two-piece collector was varied from 20 to 40 cm. A positive high voltage of +10 kV was applied to the
needle, whereas a negative voltage (from −5 to −20 kV) was applied to the collector to accelerate the
ES process. The feeding rate during the ES process was set to be 0.05 mL/h using a syringe pump.
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Electrospun TiO2 NFs were distributed onto the Al collector and thereafter calcined in air at 500 and
600 ◦C for 6 h to obtain crystalline TiO2 NFs.
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Figure 1. Schematic illustration of electrospinning (ES) apparatus.

2.3. Characterizations

The morphology of the synthesized NFs was studied using field-emission scanning electron
microscopy (FE-SEM- Hitachi S-4200) operating with a 20-kV accelerating voltage. X-ray diffraction
patterns (XRD, Philips Xpert MRD diffractometer) were recorded at room temperature at a scan rate of
0.5 ◦/min using Cu Kα (λ = 1.5406 Å) radiation. XRD was used to examine the crystallinity and phase
formation of the synthesized TiO2 NFs.

3. Results and Discussion

TiO2 is a polymorphous material and has three crystalline phases, namely anatase, brookite,
and rutile [29]. Rutile is the most stable polymorph, but anatase and brookite are also common [30].
Therefore, XRD was used to analyze the crystallinity of the synthesized TiO2 NFs and to determine the
formed phase. It should be noted that the choice of calcination temperature was based on our previous
study [15], where using thermogravimetric analysis (TGA), differential thermal analysis (DTA) and
XRD experiments we showed that calcinations at 500 and 600 ◦C resulted in the formation of different
TiO2 phases. Furthermore, other researchers have reported the calcination of TiO2 NFs at 500 ◦C [28,31],
and 600 ◦C [32]. In the initial stages of ES, Ti(OiPr)4 is hydrolyzed by reacting with moisture in the air
to form ultrafine particles of amorphous TiO2 in the PVP matrix. Accordingly, the as-spun NFs do
not show any crystallinity [33]. However, amorphous TiO2 can be crystallized by calcination at a high
temperature. Figure 2a shows the XRD pattern of TiO2 NFs calcined at 500 ◦C for 6 h. It shows peaks
centered at 25.5, 37.9, 49.1, 55.2, 63.2, 68.8, and 76.2◦ corresponding to the (101), (002), (200), (211),
(204), (116), and (101) planes of TiO2 with tetragonal anatase phase (JCPDS No. 21-1272), respectively.
The broadening of the diffraction peaks is due to the very small size of the TiO2 nanocrystals [33]. In the
literature, it is reported that anatase can be crystallized as the first crystalline phase from amorphous
TiO2. From a thermodynamic point of view, anatase is the phase with the lowest total energy, and
a lower surface energy accelerates the nucleation kinetics and facilitates the formation of anatase [34].

Representative XRD patterns of TiO2 calcined NFs at 600 ◦C and 500 ◦C and as-spun TiO2 NFs are
shown in Figure 2. It shows peaks located at 27.5, 36.2, 41.3, 54.4, 56.7, and 69.2◦, which can be attributed
to the (110), (101), (111), (211), (220), and (301) planes of TiO2 with rutile structure, respectively, which
is consistent with the literature [35]. Thus, by controlling the calcination temperature from 500 to
600 ◦C, it is possible to obtain crystalline phases with anatase (at 500 ◦C) or rutile structures (at 600 ◦C).

Figure 3a,b show the FE-SEM images of the as-spun NFs at different magnifications. It is evident
that long and continuous NFs were formed. From the high-magnification FE-SEM image, the diameter
of the as-spun NFs without calcination was estimated to be 720 nm. The large diameter of the as-spun
NFs is mainly due to the existence of water and the PVP matrix. Figure 3c,d show the FE-SEM images of
NFs crystallized at 500 ◦C for 6 h. It is evident that the NFs retained their morphology after calcination
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and, from the high-magnification image, the diameter of NFs calcined at 500 ◦C was estimated to be
150 nm. Therefore, the diameter decreased significantly in comparison with the as-spun NFs. This is
due to the evaporation of the solvent and PVP molecules at high temperatures. From a comparison
between the high-magnification images of the as-spun NFs (Figure 3b) and NFs calcined at 500 ◦C,
it can be observed that a change of surface morphology occurred from smooth to grainy, owing to the
evaporation of the solvent and polymer molecules from the surfaces; consequently, a grainy structure
remained on the surface of TiO2 NFs calcined at 500 ◦C. Other studies have also reported the formation
of a grainy structure of NFs after calcination [36,37]. With the increase of calcination temperature
to 600 ◦C, the sintering and coalescence of nanograins in individual NFs became more evident and,
consequently, the diameter of NFs decreased to 130 nm as shown in the FE-SEM images of Figure 3e,f
with different magnifications. As shown schematically in Figure 4, before calcination, TiO2 NFs were
amorphous with smooth surfaces without any grains. During the calcination, the diameter significantly
decreased because of the evaporation of the polymer species and solvents as well as the decomposition
of precursors. Simultaneously, nanosized grains started to grow. With the increase of calcination
temperature, the nanograins coalesced with each other owing to the increase of diffusion rate, resulting
in a significantly larger growth of nanograins and smaller fiber diameter [38,39].

In the literature, many researchers have reported the effect of applied potential on the final
morphology or diameter of synthesized NFs [40–42]. If the applied potential is lower than a threshold
value, no stable liquid jets will be formed [43]. Once a threshold voltage is exceeded, a stable jet of
liquid is directed toward the collector. We changed the applied potential by maintaining the positive
voltage constant at +10 V and changing the negative voltage (−5, −10, and −20 V). As shown in
Figure 5, with the increase of applied potential, the diameter first decreased and thereafter increased.
As shown in Figure 5a,b, by applying the voltages of +10 and −5 V, the final diameter of TiO2 NFs
after calcination at 600 ◦C was 200 nm, and with the increase of negative voltage to −10 V, it decreased
to 130 nm (Figure 5c,d); moreover, with the further increase of negative voltage to −20 V (Figure 5e,f),
the final diameter increased to 195 nm.Appl. Sci. 2018, 8, 309 4 of 10 

4 

 

 

Figure 2. X-ray diffraction (XRD) patterns of TiO2 nanofibers (NFs) calcined at 500 °C for 6 h and 600 

°C for 6 h, and as-spun TiO2 NFs. 

Figures 3a,b show the FE-SEM images of the as-spun NFs at different magnifications. It is 

evident that long and continuous NFs were formed. From the high-magnification FE-SEM image, the 

diameter of the as-spun NFs without calcination was estimated to be 720 nm. The large diameter of 

the as-spun NFs is mainly due to the existence of water and the PVP matrix. Figures 3c,d show the 

FE-SEM images of NFs crystallized at 500 °C for 6 h. It is evident that the NFs retained their 

morphology after calcination and, from the high-magnification image, the diameter of NFs calcined 

at 500 °C was estimated to be 150 nm. Therefore, the diameter decreased significantly in comparison 

with the as-spun NFs. This is due to the evaporation of the solvent and PVP molecules at high 

temperatures. From a comparison between the high-magnification images of the as-spun NFs (Figure 

3b) and NFs calcined at 500 °C, it can be observed that a change of surface morphology occurred from 

smooth to grainy, owing to the evaporation of the solvent and polymer molecules from the surfaces; 

consequently, a grainy structure remained on the surface of TiO2 NFs calcined at 500 °C. Other studies 

have also reported the formation of a grainy structure of NFs after calcination [36,37]. With the 

increase of calcination temperature to 600 °C, the sintering and coalescence of nanograins in 

individual NFs became more evident and, consequently, the diameter of NFs decreased to 130 nm as 

shown in the FE-SEM images of Figures 3e,f with different magnifications. As shown schematically 

in Figure 4, before calcination, TiO2 NFs were amorphous with smooth surfaces without any grains. 

During the calcination, the diameter significantly decreased because of the evaporation of the 

polymer species and solvents as well as the decomposition of precursors. Simultaneously, nanosized 

grains started to grow. With the increase of calcination temperature, the nanograins coalesced with 

each other owing to the increase of diffusion rate, resulting in a significantly larger growth of 

nanograins and smaller fiber diameter [38,39]. 

Figure 2. X-ray diffraction (XRD) patterns of TiO2 nanofibers (NFs) calcined at 500 ◦C for 6 h and
600 ◦C for 6 h, and as-spun TiO2 NFs.



Appl. Sci. 2018, 8, 309 5 of 10Appl. Sci. 2018, 8, 309 5 of 10 

5 

 

. 

Figure 3. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs. (a,b) As-spun NFs; 

(c,d) NFs calcined at 500 °C for 6 h; (e,f) NFs calcined at 600 °C for 6 h. 

 

Figure 4. Schematic illustration of the growth of nanograins in NFs with the increase of calcination 

temperature (modified from Reference [33]). 

In the literature, many researchers have reported the effect of applied potential on the final 

morphology or diameter of synthesized NFs [40–42]. If the applied potential is lower than a threshold 

value, no stable liquid jets will be formed [43]. Once a threshold voltage is exceeded, a stable jet of 

liquid is directed toward the collector. We changed the applied potential by maintaining the positive 

voltage constant at +10 V and changing the negative voltage (−5, −10, and −20 V). As shown in Figure 

5, with the increase of applied potential, the diameter first decreased and thereafter increased. As 

shown in Figures 5a,b, by applying the voltages of +10 and −5 V, the final diameter of TiO2 NFs after 

calcination at 600 °C was 200 nm, and with the increase of negative voltage to −10 V, it decreased to 

130 nm (Figures 5c,d); moreover, with the further increase of negative voltage to −20 V (Figures 5e,f), 

the final diameter increased to 195 nm. 

Figure 3. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs. (a,b) As-spun NFs;
(c,d) NFs calcined at 500 ◦C for 6 h; (e,f) NFs calcined at 600 ◦C for 6 h.

Appl. Sci. 2018, 8, 309 5 of 10 

5 

 

. 

Figure 3. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs. (a,b) As-spun NFs; 

(c,d) NFs calcined at 500 °C for 6 h; (e,f) NFs calcined at 600 °C for 6 h. 

 

Figure 4. Schematic illustration of the growth of nanograins in NFs with the increase of calcination 

temperature (modified from Reference [33]). 

In the literature, many researchers have reported the effect of applied potential on the final 

morphology or diameter of synthesized NFs [40–42]. If the applied potential is lower than a threshold 

value, no stable liquid jets will be formed [43]. Once a threshold voltage is exceeded, a stable jet of 

liquid is directed toward the collector. We changed the applied potential by maintaining the positive 

voltage constant at +10 V and changing the negative voltage (−5, −10, and −20 V). As shown in Figure 

5, with the increase of applied potential, the diameter first decreased and thereafter increased. As 

shown in Figures 5a,b, by applying the voltages of +10 and −5 V, the final diameter of TiO2 NFs after 

calcination at 600 °C was 200 nm, and with the increase of negative voltage to −10 V, it decreased to 

130 nm (Figures 5c,d); moreover, with the further increase of negative voltage to −20 V (Figures 5e,f), 

the final diameter increased to 195 nm. 

Figure 4. Schematic illustration of the growth of nanograins in NFs with the increase of calcination
temperature (modified from Reference [33]).

Appl. Sci. 2018, 8, 309 6 of 10 

6 

 

 

Figure 5. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs prepared with 

different applied voltages: (a,b) 10 and −5 kV; (c,d) 10 and −10 kV; (e,f) 10 and −20 kV. (g) Diameter 

of obtained TiO2 NFs as a function of applied voltage. 

Figure 5g shows the relationship between the diameters of TiO2 NFs and applied voltage. To 

explain the changes of diameter with the change of applied voltage, the following forces acting on a 

charged jet should be considered [44]: (i) gravitational force; (ii) electrostatic force responsible for the 

acceleration of the formed jet to the collector; (iii) Coulombic force stretching the jet; (iv) viscoelastic 

force; (v) surface tension (both viscoelastic force and surface tension prevent the stretching of the 

charged jet); and (vi) drag force owing to the friction between the charged jet and the surrounding 

atmosphere. The effect of applied potential on the diameters of NFs can be determined using the 

relationships among the Coulombic and viscoelastic forces and surface tension. At low applied 

potentials (−5 kV), the Coulombic force is smaller than the viscoelastic and surface tension. 

Consequently, NFs with large diameters are formed. At moderate applied potentials (−10 kV), all 

three forces are balanced, resulting in the decrease of diameters of NFs. With a further increase in the 

applied potentials (−20 kV), the Coulombic force becomes much greater than the viscoelastic force 

and surface tension. However, as there is both longitudinal and transverse stretching and the latter 

can lead to the increase of diameter of NFs, the increased diameter of NFs obtained in this study can 

be attributed to the dominance of transverse stretching relative to longitudinal stretching. 

Furthermore, with the increase of applied potential, the formed jet can accelerate faster toward the 

collector; thus, the solvent would not have sufficient time to evaporate, eventually leading to the 

formation of NFs with a larger diameter [44]. It should be noted that by comparing between Figures 

5a,c, and e, it can be seen that under the lowest applied voltage, some beads appear. This may be due 

to the fact that the low applied voltage leads to the viscoelastic force which can lead to the formation 

of some beads. 

It can be observed that the TiO2 NFs produced at the lowest applied voltage (−5 kV) were aligned, 

whereas with the increase of voltage, disordered TiO2 NFs were obtained. As schematically shown 

in Figure 6, the as-spun charged NFs can be aligned if they are affected by pulling forces. Electrostatic 

forces pull the two ends of the NFs toward the two collectors and consequently align the NFs. Under 

the effect of pulling forces, the NFs turn perpendicularly toward the edges of the collectors. 

Subsequently, the two ends of the NFs are deposited on the collectors. If these steps are repeated, 

arrays of uniaxially aligned NFs can be obtained across the gap [18]. 

Figure 5. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs prepared with
different applied voltages: (a,b) 10 and −5 kV; (c,d) 10 and −10 kV; (e,f) 10 and −20 kV; (g) Diameter
of obtained TiO2 NFs as a function of applied voltage.

Figure 5g shows the relationship between the diameters of TiO2 NFs and applied voltage. To
explain the changes of diameter with the change of applied voltage, the following forces acting on
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a charged jet should be considered [44]: (i) gravitational force; (ii) electrostatic force responsible
for the acceleration of the formed jet to the collector; (iii) Coulombic force stretching the jet;
(iv) viscoelastic force; (v) surface tension (both viscoelastic force and surface tension prevent the
stretching of the charged jet); and (vi) drag force owing to the friction between the charged jet and the
surrounding atmosphere. The effect of applied potential on the diameters of NFs can be determined
using the relationships among the Coulombic and viscoelastic forces and surface tension. At low
applied potentials (−5 kV), the Coulombic force is smaller than the viscoelastic and surface tension.
Consequently, NFs with large diameters are formed. At moderate applied potentials (−10 kV), all
three forces are balanced, resulting in the decrease of diameters of NFs. With a further increase in the
applied potentials (−20 kV), the Coulombic force becomes much greater than the viscoelastic force and
surface tension. However, as there is both longitudinal and transverse stretching and the latter can
lead to the increase of diameter of NFs, the increased diameter of NFs obtained in this study can be
attributed to the dominance of transverse stretching relative to longitudinal stretching. Furthermore,
with the increase of applied potential, the formed jet can accelerate faster toward the collector; thus,
the solvent would not have sufficient time to evaporate, eventually leading to the formation of NFs
with a larger diameter [44]. It should be noted that by comparing between Figure 5a,c,e, it can be seen
that under the lowest applied voltage, some beads appear. This may be due to the fact that the low
applied voltage leads to the viscoelastic force which can lead to the formation of some beads.

It can be observed that the TiO2 NFs produced at the lowest applied voltage (−5 kV) were
aligned, whereas with the increase of voltage, disordered TiO2 NFs were obtained. As schematically
shown in Figure 6, the as-spun charged NFs can be aligned if they are affected by pulling forces.
Electrostatic forces pull the two ends of the NFs toward the two collectors and consequently align
the NFs. Under the effect of pulling forces, the NFs turn perpendicularly toward the edges of the
collectors. Subsequently, the two ends of the NFs are deposited on the collectors. If these steps are
repeated, arrays of uniaxially aligned NFs can be obtained across the gap [18].Appl. Sci. 2018, 8, 309 7 of 10 
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Figure 6. Schematic illustration of the process of alignment of NFs (modified from Reference [25]).

The effects of voltage can be ascribed to the “whipping” instability. During ES, the rapid growth of
a nonaxisymmetric or whipping instability resulted in the bending of NFs and permitted the electrical
forces to elongate the jet. With the increase of the applied voltage, whipping instability increased
accordingly, leading to the entanglement and knotting of the as-spun NFs and rendered the alignment
of NFs more difficult. Hence, the alignment of NFs is not possible at high applied voltages [18].

In the subsequent step, while the positive and negative voltages were fixed at +15 and −10 kV,
respectively, the distance between the needle and Al collector was changed (20, 30, and 40 cm).
Figure 7a,b show the low- and high-magnification FE-SEM micrographs of TiO2 NFs with the
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needle-to-Al-collector distance of 20 cm after calcination at 600 ◦C, respectively. The synthesized
NFs were long and continuous with an approximate diameter of 150 nm. With the increase of
needle-to-Al-collector distance to 30 cm, as shown in Figure 7c,d, the diameter increased to 185 nm, and
with the further increase of needle-to-Al-collector distance to 40 cm, the diameter increased to 245 nm
(Figure 7e,f). It is expected that, with the increase of needle-to-collector distance, the solvent has more
time to evaporate; therefore, a smaller diameter should be obtained [45]. However, the experimental
results exhibit a contrasting trend, as shown in Figure 7g. With the increase of needle-to-collector
distance, the strength of the electric field, defined as the applied voltage divided by the distance
between the needle and collector, decreased. Thus, it can be concluded that, with the decrease of
electric field, the viscoelastic force increased, which prevented the stretching of NFs, resulting in the
increase of the diameter of NFs. From Figure 7a, c, and e, it can be seen that at a short distance, some
beads appear. This is likely due to the fact that the electrospinning solution reaches the Al collector
before the full evaporation of the solvent [45].Appl. Sci. 2018, 8, 309 8 of 10 
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Figure 7. Low- and high-magnification FE-SEM images of synthesized TiO2 NFs prepared with different
distances between the needle and Al collector: (a,b) 20 cm; (c,d) 30 cm; (e,f) 40 cm; (g) Diameter of
obtained TiO2 NFs as a function of needle-to-collector distance.

From Figures 5 and 7, it may be noticed that with the increase of either applied voltage or
needle-to-Al-collector distance, the number of the produced NFs was decreased. This can be explained
partly the fact that if the distance is long, some formed NFs may be unable to reach to the Al collector.
However, more works should be carried out to clarify the reason behind the phenomena that occur
with the increase of applied voltages.

As shown in Figure 7, the alignment of NFs did not change significantly with the increase
of needle-to-collector distance. As stated before, with the increase of needle-to-collector distance,
the electric field acting on the NFs decreased, and consequently, whipping instability, which is
responsible for bending and allows the electrical forces to elongate the jet, decreased. Therefore,
the as-spun NFs did not lose their aligned morphology with the increase of needle-to-collector distance.
For the nanoscale applications, where the diameter of TiO2 NFs directly affects the device performance,
the difference observed among the synthesized TiO2 NFs in this study can be significant. In this study,
the air gap distance between the two Al collectors was remained constant. However, the change in the
air gap distance can greatly influence the morphology and alignment of NFs [16,18].

4. Conclusions

In summary, aligned TiO2 NFs were synthesized using a special ES method with a two-piece
Al collector. The effect of various variables, i.e., calcination temperature, applied potential, and
needle-to-collector distance, on the final crystalline phase, diameter, and alignment of the formed TiO2

NFs were investigated. It was revealed that the calcination temperature influences the diameter and
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final phase of the crystallized NFs. Moreover, the distance between the needle and collector and the
applied voltage influence the final diameter and alignment of TiO2 NFs. This study demonstrated
that, by controlling the needle-to-collector distance and applied voltage, well-aligned TiO2 NFs with
controllable diameters can be obtained.
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