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In thiswork TiO2 nanofibers produced by needle and needleless electrospinning processes from the sameprecur-
sorwere characterized and compared usingRaman spectroscopy, transmission electronmicroscopy (TEM), scan-
ning electron microscopy (SEM) and in situ SEM nanomechanical testing. Phase composition, morphology,
Young's modulus and bending strength values were found. Weibull statistics was used to evaluate and compare
uniformity of mechanical properties of nanofibers produced by two different methods. It is shown that both
methods yield nanofibers with very similar properties.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

In recent times, there has been growing interest in the production of
1D titania (TiO2) micro- and nanostructures using different methods
such as facile synthesis [1], hydrothermal treatment of TiO2 particles
[2,3] or sol–gel [4]. One of the simplest and versatilemethods of produc-
ing TiO2 nanofibers is electrospinning in combination with sol–gel
chemistry [5]. Different morphologies [6,7] and higher specific surface
area [8] of electrospun nanofibers enable to expand the applications of
anatase TiO2 to filtering [9], membranes for photooxidation [10], hu-
midity and gas sensors [11,12], solar cells [13], photocatalysts [14] and
potential building blocks for superamphiphobic coatings [15]. The use
of TiO2 nanofibers in filtration applications is of especial interest due
to its bi-functional filtration and photocatalytic properties [8].

TiO2 nanofibers can be electrospun using needle [3] or needleless
electrospinning [16]. Needle electrospinning method is a laboratory
scale process, which suffers from low production rate, while needleless
electrospinning is more suitable for industrial scale production [17].
Both techniques are characterized by high degree of control over the
spinning conditions. Themain difference that could affect the properties
of TiO2 nanofibres is that in needleless electrospinning solution jets
are generated from open solution surface in contrast to the needle
electrospinning, where jet is formed from a needle.

In certain applications, such as filtration [18], fibers are subjected to
mechanical stresses and repeatable loadings. Recently, different manip-
ulation techniques including nanotensile test [19], bending test [20],
nanoindentation [21] and resonance method [22] have been used for
mechanical characterization of nanofibers. Mechanical properties of
electrospun TiO2 nanofibers have been studied by three-point bending
method using atomic force microscopy on a mesoporous membrane
as support [16] or by analyzing nanofiber in situ resonance behavior
in response to an oscillating electric field [23]. However, there have
been no comparative studies of mechanical properties of anatase TiO2

nanofibers produced by different electrospinning techniques.
In this paper structural andmechanical properties of TiO2 nanofibers

prepared by needle and needleless (using pike spinning electrode)
electrospinning processes are studied and compared. Structure and
morphology are characterized by Raman spectroscopy, TEM and
SEM methods. Mechanical testing is performed using in situ SEM
cantilevered beambending technique [24,25] enabling not only quantita-
tive but also qualitative visual comparison of the fibers behavior under
bending deformation (e.g., crack formation and propagation).
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2. Experimental

2.1. Preparation of TiO2 nanofibers

In the preparation of TiO2 nanofiber mats by needle electrospinning
0.64 ml of titanium tetraisopropoxide (Ti(OiPr)4) was mixed with
1.2ml of acetic acid (C2H4O2, Sigma-Aldrich) and 1.2ml of absolute eth-
anol, then stirred for 1 h. The resulting solutionwas added to 3ml of ab-
solute ethanol that contained 0.18 g of polyvinylpyrrolidone (Sigma-
Aldrich, Mw 1 300 000). The obtained mixture was then transferred
into a plastic syringe equipped with a 23-gauge stainless steel needle
which was connected to a high-voltage power supply (Heinzinger LNC
30000-2pos). The feeding rate 1 μl/min for the solution was controlled
with a syringe pump (Multi-Phaser NE-500). Electrospinning was con-
ducted in ambient air atmosphere using aluminum foil as collector sub-
strate, placed 15 cm from the needle.

In needleless electrospinning process TiO2 nanofiber mats were
produced by electrospinning equipment Nanospider™ NS Lab 200
(Elmarco, Czech Republic) using the same mixture. Electrospinning
was performed at room temperature using pike spinning electrode with
diameter of 1 cm and length of 15 cm. DC voltage during electrospinning
was varied from 65 to 70 kV.

For both techniques obtained nanofiber mats were dried at room
temperature in ambient atmosphere for 12 h and then annealed at
500 °C for 3 h. Ramping rate was 4 °C/min. After annealing samples
were left to cool naturally.

2.2. Structural characterization

The crystal phases of the annealed (at 500 °C for 3 h) TiO2 nanofiber
matswere characterized by powder X-ray diffraction (XRD) recorded at
2θ from10° to 60° at a scanning rate of 1°min−1, using anUltima+X-ray
diffractometer (Rigaku, Japan) with Cu Kα radiation.

In addition, crystal structure of the annealed fibers was studied by
Raman spectroscopy using an upright Leica DMLMmicroscope. Samples
were excited by a 514 nm laser directly through themicroscope's objec-
tive lens. The backscattered light was collected in the same optical path
as the incident laser beam. The backscattered light spectrum was
obtained by a Renishaw InVia Raman spectrometer with grating of
1800 groves/mm and spectral resolution of approximately 0.5 cm−1.

Geometry and morphology of the fibers were studied in high-
resolution SEM (HRSEM, FEI NanoSEM). Inner structure was studied in-
side TEM (Tecnai GF20, FEI) at 180 kV accelerating voltage.

2.3. Mechanical characterization

To obtain individual fibers formechanical testing, TiO2 nanofibermats
were placed in ethanol and treated for 3 h in ultrasonic bath. Next, drop of
Fig. 1. The Raman spectrum of the anatase TiO2 electrospun fibers obtained by needle (lowe
electrospun fibers obtained by needle electrospinning (b).
nanofiber solution was deposited on TEM grid (1500 mesh copper
grids, Agar Scientific) so that after ethanol evaporation some fraction
of single fibers were half-suspendedover themesh opening. Then in situ
SEM cantilevered beam bending technique [22] was applied to measure
mechanical properties of individual fibers using two different set-ups.

Young's modulus was measured inside SEM (Vega-II SBU, Tescan)
using a 3D nanomanipulator (SLC-1720-S, SmarAct) equipped with a
self-made force sensor [26]. The force sensor was made by gluing an
AFM cantilever (ATEC-CONT, Nanosensor) with a sharp tip to one
prong of a commercially available quartz tuning fork (QTF, fres =
32.768 kHz, ELFA). In experiments QTF oscillated on its resonance fre-
quency.Measurements consisted in visually controllable in-plane bend-
ing of individual half-suspended fibers accompanied by simultaneous
registration of QTF oscillation amplitude. Force data was extracted by
calibrating force sensors on an AFM cantilever with known spring
constant.

Bending strength experiments were performed inside HRSEM
(Helios Nanolab 600, FEI) to enable precise detection of crack formation
and propagation. Nanofibers were bent until fracture with AFM probe
(ATEC-CONT, Nanosensor) driven by polar coordinate nanomanipulator
(MM3A-EM, Kleindiek).

Experimental results were used to calculate Young's modulus and
bending strength of nanofibers in the frameworks of elastic beam theo-
ry [27]. Equation for the equilibrium of a bent elastic beamwith Young's
modulus E and area moment of inertia I loaded by a point force f at its
end is expressed as:

EI
d2θ
dl2

þ f cosθ ¼ 0; ð1Þ

where l is the natural axis of the beam and θ is the angle between the
tangent of the bent profile and the initial straight profile of the beam.
Experimental data were fitted to Eq. (1) to fulfill boundary conditions
and E valueswere extracted as described inmore details in our previous
paper [28]. Bending strength, σ, which is a maximum stress that fiber
can withstand before fracture, was found as

σ ¼ Erκ ð2Þ

where r is the diameter and κ is curvature at which bent nanofiber frac-
tured [29].

3. Results and discussion

3.1. Structural analysis

Crystal phases of nanofiber mats were characterized by performing
XRD and Raman analysis. Raman spectra of annealed electrospun fiber
r plot) and needleless (upper plot) electrospinning process (a). The XRD pattern of the



Fig. 3. TEM images of the TiO2 nanofibers produced by needle (a–b) and needless (c–d) methods.

Fig. 2. SEM images of TiO2 nanofibers annealed at 500 °C for 3 h: needle (a) and needleless electrospinning (b). Distribution of diameters for needle (c) and needleless (d) electrospun
nanofibers.
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Fig. 6. Bending strength versus radius for 22 needle and 24 needleless electrospun TiO2

nanofibers.
Fig. 4. Young's modulus versus radius for 10 needle and 17 needleless electrospun TiO2

nanofibers.
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mats produced both by needle and needleless techniques revealed six
characteristic Raman-active modes A1g + 2B1g + 3Eg corresponding
to anatase phase [30] with following allowed bands: 144 cm−1 (Eg),
197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g), 519 cm−1 (B1g) and
639 cm−1 (Eg) (Fig. 1a). Anatase crystal structure is clearly seen also
on XRD spectra (Fig. 1b).
3.2. Electron microscopy

SEM images of electrospun fibers obtained by different
electrospinning techniques and annealed at 500 °C for 3 h are shown in
Fig. 2. Both electrospinning techniques yield uniform bead-free nanofi-
bers. On average, needle electrospinning produces fibers (Fig. 2(a) and
(c)) with larger diameters (129 nm median) compared to needleless
electrospinning (103 nm median) (Fig. 2(b) and (d)). Histograms
showing the size distribution of annealed TiO2 fibers can be found
in Fig. 2(c) and (d). TEM inspection of individual fibers revealed poly-
crystalline morphology and absence of internal defects like voids, and
cracks. Fibers consist of randomly oriented nanocrystals with size in the
range 10–30 nm (Fig. 3).
Fig. 5. Breaking TiO2 nanofiber in HR-SEM. AFM tip is first brought into contact with the fiber (
(d). Image taken just before breaking of the fiber is used to calculate bending strength (c).
3.3. Young's modulus

Young's modulus measurements were carried out on 10 needle and
17 needleless electrospun TiO2 nanofibers with radii in the range
101–223.5 nm and length of suspended part of few μm. Results of the
measurements depicted in Fig. 4. Median Young's moduli of two differ-
ent sampleswere found to be 92±12GPa and 95±18GPa for the nee-
dle and needless techniques respectively. Thus, both electrospinning
techniques produce fibers with nearly the same elastic properties (dif-
ference is below uncertainty of the measurements). At the same time
both values are considerably higher than measured by Lee et al.
(76 GPa) [16] and almost twice higher than reported by Amin et al.
(56 GPa) [1] and Xu et al. (42 GPa) [21]. Higher values of Young's mod-
ulus can be explained by difference in synthesismethods and conditions
that may result in TiO2 nanofibers with differentmicrostructure. In par-
ticular, our fibers may have higher density (less pores and inner voids)
due to probably better conditions for solvent evaporation, longer an-
nealing time and higher temperature, less impurities and other possible
factors. Amin et al. used “dry” approach of facile synthesis which result-
ed in single crystalline rutile TiO2 nanofibers. Xu et al. used
electrospinning method with Ti(OC4H9)4 as precursor and as-spun
a) and then gradually bent, simultaneously SEM images are recorded (b–c), until it breaks



Fig. 7. Plot of Weibull statistics of bending strength for needle and needleless electrospun
TiO2 nanofibers.
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fibers were annealed at 450 °C for only 30 min. XRD revealed that the
resulted nanofibers were polycrystalline with both the anatase and ru-
tile phases.

3.4. Bending strength

Bending strength test was performed on 22 needle and 24 needleless
electrospun nanofibers with radius between 58.9 and 295.9 nm. Typical
bending strength test is shown in Fig. 5. Nanofiber is bent with AFM
probe (Fig. 5a–c) until fracture (Fig. 5 d). Bending strength (σ)was deter-
mined from Eq. (2) using previously found median E values. Median σ
values for needle and needleless electrospun nanofibers were rather sim-
ilar being 2.7 ± 0.8 and 3.1 ± 0.6 GPa respectively, again indicating that
both electrospinning techniques produce fibers with very similar me-
chanical properties.

As it is seen from Fig. 6, bending strength values are considerably
higher scattered in comparison to Young's modulus. This situation is
typical for nanostructures since in contrast to Young's modulus,
strength is determined by the presence of the critical defects. Distribu-
tion of defects in nanostructures is non-uniform and varies from fiber
to fiber. At the same time median bending strength found in our exper-
iments is significantly higher than 1.4 GPa measured in tensile test by
Amin et al. [1]. This is expectable since in tensile test strain is uniformly
distributed along the fiber and therefore probability of the presence of
the critical defect is higher than in bending test where critical defect
should be located in close proximity to the most strained area.

To quantitatively compare uniformity of the mechanical properties
for two sets of the fibers, Weibull distribution was implemented.
Weibull statistics is widely used for representation of distribution of
material's strength [31,32]. It gives the cumulative probability distribu-
tion of fracture PS at the maximal bending stress σ for specimen as:

PS ¼ 1− exp − σ
σ0

� �m� �
: ð3Þ

Here σ0 is the bending strength at which 63% of specimens will
break, and m denotes Weibull modulus, which is a dimensionless pa-
rameter used to describe variability in measured strength. Higher m
values correspond to a steeper slope in Weibull plot and indicate
lower deviations of bending strength.

Plot of Weibull statistic for TiO2 nanofibers produced by two differ-
ent methods is depicted on Fig. 7. Weibull modulus values for needle
and needleless electrospun nanofibers are 4.55 and 2.75 respectively.
This result suggests that although there is no significant difference
in Young's modulus or bending strength, TiO2 nanofibers produced
by needle electrospinning are more uniform in microstructure and me-
chanical behavior. Difference in mechanical behavior may be attributed
to the microstructural peculiarities (fiber surface defects, cracks and
pores) which may arise due to the fact, that solution jets are generated
from open solution surface in needleless electrospinning, as well as pe-
culiarities of the electrospinning technological equipment (electrode),
the applied voltage and the spinning direction [14].

4. Conclusions

In summary, we have produced TiO2 nanofibers by needle and
needleless electrospinning process. Structural characterization by
Raman spectroscopy, SEM and TEMmethods revealed similar polycrys-
talline structure for both types of fibers. Mechanical characterization of
nanofibers has been carried out using cantilevered beam bending test
inside SEM. Both Young'smodulus and bending strengthmeasurements
have yielded very similar results for two techniques. Weibull analysis
suggests that TiO2 nanofibers produced by needle electrospinning pro-
cess are more uniform in microstructure and mechanical behavior.
However, the results of this study show that production of nanofibers
can be scaled up to industrial level without significant loss in mechani-
cal properties. At the same time needle method yields in fibers with
more predictable properties, which can be important for potential ap-
plications of single TiO2 nanofibers.
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