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Three-point bending of electrospun TiO2 nanofibers
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Abstract
TiO2 (anatase) and TiO2 /PVP nanocomposite nanofibers with average diameters of 53 and 109 nm, respectively, were synthesized via
sol–gel chemistry in combination with an electrospinning process. This produced continuous nanofibers that were characterized by scanning
electron microscopy (SEM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). TiO2 nanofibers were obtained through
thermal oxidation of TiO2 /PVP in air and the weight loss was determined by thermal gravimetric analysis (TGA). Mechanical properties were
studied with a nanoscale three-point bending test. Elastic properties of single nanofibers are reported as measured by atomic force microscopy
(AFM) three-point bending on a mesoporous membrane as support. The mean of elastic moduli for TiO2 and TiO2 /PVP nanofibers were found
to be 75.6 and 0.9 GPa, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Nanoscale materials, such as nanowires, nanorods,
nanowhiskers, and nanofibers have recently attracted attention due to their exceptional properties and novel potential
applications. Furthermore, TiO2 as a semiconductor material with special electronic properties allows for applications
in environmental remediation and protection, photocatalysis,
dye-sensitized solar cells, gas sensors, and batteries [1–10].
Various preparation methods for TiO2 whiskers, nanorods,
and nanotubes, including sol–gel, dip-coating, and electrochemical methods have been reported [11–14]. Recently, a
new approach has been developed to obtain TiO2 nanofibers
by electrospinning of precursor solutions [15–17]. Furthermore, it was recently reported that nanocrystalline TiO2 can
be ductile at low temperature (plastic bending at 180 ◦ C, hardness reduction of ∼800 HV at 20 ◦ C) because of the diffusional flow of atoms along the crystalline interfaces [18].
Electrospinning has been widely studied because of its
efficiency and simplicity for the production of fibrous ma∗
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terials on micro- or nanosize scale [19–22]. It has been
demonstrated that metal oxide nanofibers can be readily
synthesized with a combination of sol–gel and electrospinning methods [15–17,21–24]. Since electrospun nanofibers
are based on nanocrystal networks they should follow the
above mentioned ductility trend, i.e., have mechanical and
electronic properties different from micron-size grains and
micron-size fibers. In an earlier report, we demonstrated
electrospun TiO2 –Ag composite nanofibers [17]. In this paper we focus on pure and composite nanofibers and look
into their nanomechanical behavior for application purposes,
such as photocatalytic filtration media. Since the characterization of such nanofiber materials is still a challenge, we
adapt a method that has recently been published for polymer
nanofibers and extend it to polymer–ceramic composites and
ceramic nanofibers [25–28].

2. Experimental—Sample preparation
In the electrospinning process, a viscous sol is prepared
and injected at a constant rate through a conductive capillary where high voltage (up to 3 kV/cm) is applied. Charge
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is induced on the sol surface by an electric field. Mutual
charge repulsion causes a force directly opposite to the surface tension. When the surface charge overcomes the surface tension, a Taylor cone will develop and the electrically
charged sol–jet is ejected from the tip of the Taylor cone
[19]. In this study, Ti(IV)-isopropoxide (Ti(OiPr)4 , Aldrich)
was used to form anatase. 1.5 mL of Ti(OiPr)4 , and 3 mL
of acetic acid were added to 10 mL of ethanol containing
poly(vinyl pyrrolidone) (PVP, Aldrich, Mw 1,300,000). The
sol was stirred in a capped bottle for 30 min. The prepared
sol was ejected from the conductive stainless steel capillary
(22 gauge) at a flow rate of 0.5 cc/h with an electric field of
2 kV/cm, where the voltage and distance were set to 10 kV,
and 5 cm, respectively. Commercial anodized alumina ultrafiltration membranes (Whatman Anodisc, pore size 200 nm)
were used to collect a PVP–TiO2 composite nanofiber mat.
The collected samples were dried in air for one day to reduce
the impact of stress in the fiber due to synereses. In order
to prepare TiO2 nanofibers, the sample was calcined in air
at 500 ◦ C for 2 h in order to remove PVP and to crystallize
TiO2 .
The indentation of the AFM probe into a sample surface
offered a direct approach to determine elastic properties by
measuring the sensor response to the Z-piezo displacement.
The AFM (dimension 3100, Digital Instruments) was used
to apply a load at the middle of the suspended nanofiber with
a silicon nitride cantilever. AFM measurements were performed in ambient conditions and the upper force limit was
set to 6 nN. This maximum force was not sufficient to cause
an indent on portions of nanofibers. Thus, it was assumed
that the load was not used for the permanent deformation of
the sample.

3. Results and discussion
XRD pattern confirmed that TiO2 nanofibers had 100%
anatase phase (Fig. 1a) after calcination at 500 ◦ C for 2 h.
TiO2 and TiO2 /PVP nanofibers had mean diameters of 52.4
and 109.4 nm, respectively. The diameter reduction in TiO2
nanofibers mainly occurred by PVP removal during calcination in air (thermal oxidation). Weight loss was measured
with TGA/DTA (ramp rate 10 ◦ C/min) and the result showed
the weight loss was in the range of more than 60% (Fig. 1b).
The morphology of each sample was studied with SEM before and after the calcinations (Fig. 2a and b) and the mean
diameters were obtained. The electrospun nanofibers were
collected on Al2 O3 membrane for AFM three-point bending
tests to determine Young’s modulus (Fig. 2c).
Thermally or electric field induced vibration with transmission electron microscopy (TEM) could be used to measure
physical and mechanical properties of individual carbon nanotubes [29,30]. However, its application was limited because
it requires a special experimental setup in a vacuum chamber
for the in situ TEM analysis. On the other hand, elastic properties of nanofibers can be readily measured with a three-point

Fig. 1. (a) XRD pattern of heat-treated TiO2 (anatase phase) nanofibers after
calcination and (b) TGA/DTA curves (10 ◦ C/min ramp rate).

bend test by preparing a single nanofiber suspended over an
empty space and applying a small deflection at the middle of
the nanofiber along its suspended length with an AFM cantilever in contact mode. A schematic diagram of the elasticity
measurements and AFM scanned cross-sectional profiles of
the nanofiber and Al2 O3 membrane pore are given in Fig. 3b.
The pore diameter (L) and fiber diameter (D) obtained by
AFM scanning data are presented in Table 1. This method,
which has been used to determine the mechanical properties of polymeric nanofibers and carbon nanotubes, enabled
the direct determination of the applied force as a function of
displacement [25–28].
The applied load (F) was measured by collecting a force
curve, which is a plot of cantilever deflection as a function of
sample position along the Z-axis. The load (F) applied by the
cantilever to the tip surface contact was calculated based on
deflection using Hooke’s law, where k is the cantilever spring
constant. It assumes a simple relationship between the load
(F), and the deflection given by Eq. (1), where k is the spring
constant of the cantilever.
F = −k(d − do )

(1)
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Fig. 2. SEM images of (a) TiO2 /PVP nanofibers, (b) TiO2 nanofibers, (c) TiO2 nanofibers suspended over pores of Al2 O3 membrane, and (d) TEM image of
TiO2 nanofibers.

Fig. 3. (a) Schematic diagram of three-point bending test and (b) actual AFM scanning data on fiber (i) and pore (ii).
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Table 1
Diameters (D), suspended lengths (L), and Young’s moduli (E) for nanofibers
Sample

D (nm)

L (nm)

E (GPa)

TiO2 /PVP
nanofiber
(unfired)

118
139
68
84
77
133
148
107
94
126

400
350
240
374
285
366
396
320
285
336

0.47
0.40
2.33
1.00
1.20
0.33
0.47
0.73
1.47
0.40

Mean ± σ

109.4 ± 26.3

335.2 ± 49.9

0.9 ± 0.6

TiO2
nanofiber
(fired)

53
50
46
42
51
72
59
61
53
38

323
349
252
332
280
286
342
371
294
276

64.6
64.0
124.6
72
61.3
52.0
70.0
61.3
70
116.6

Mean ± σ

52.5 ± 9.3

310.5 ± 36.3

75.6 ± 23.2

A reference cantilever deflection–piezo displacement curves
were obtained by measuring on an alumina substrate and a silicon wafer. As shown in Fig. 4, the deflection of the fiber (δ) is
the difference between the loading and the reference curve. A
complete force curve contained four regions in Fig. 4; (a) the
tip was far from the sample. There was no interaction and no
cantilever deflection. Long- and short-range tip–sample interactions caused the cantilever to deflect (snap-in) as the stage
extended and brought the sample closer to the tip, (b) when the
tip contacted the surface, the stage movement and cantilever
deflection became coupled, which appeared in the curve as a
straight line (contact line,) (c) at this point, the direction of
the sample motion was inverted and the tip was withdrawn

Fig. 4. Examples of cantilever deflection (D) vs. sample height curves (Z).

from the sample, and (d) at a certain distance the tip was detached from the sample (snap-out) and the cantilever came
back to its equilibrium position. In order to calculate δ, the
point of contact or height offset, z0 , and the deflection offset,
d0 , for the reference and z and d for the sample nanofiber
were determined [31].
δ = (z − z0 ) − (d − d0 )

(2)

The elastic modulus of nanofibers was calculated from beam
bending theory given by Eq. (3), where L is the suspended
length, E is the elastic (Young’s) modulus, I is the second
moment area of the beam, and α = 192 for a clamped beam
(I = πD4 /64 for a filled cylinder).
E=

F L3
192 δ I

(3)

Mean Young’s moduli for TiO2 and TiO2 /PVP nanofibers
were 0.9 and 75.6 GPa, respectively (Table 1). However, the
E values of TiO2 sample is considerably low compared to
bulk TiO2 . This difference can be explained by the following
reasons: (i) the effect of the crystal orientation [32], (ii) diffusional creep at room temperature, and (iii) neglected shear
deformations. With the large volume fraction of grain boundaries in nanocrystalline materials, initial publications on the
deformation of nanocrystalline materials suggested the presence of diffusional creep at room temperature in pure copper and TiO2 [33]. Morris et al. have also reported that the
diffusional creep rate of polycrystalline materials may be enhanced by reducing the crystal size, and by increasing the
boundary diffusivity [18]. As seen from Fig. 5, the scatter
in E values obtained from Eq. (3), might be due to the load
point being off-center with respect to the beam span and the
uncertainties in fiber dimensions and spring constant of the
cantilever which affects the measured load. Although shear
deformations were neglected in this study, the increase in
fiber diameter significantly decreases E values, this may be

Fig. 5. Young’s modulus (E) vs. diameter of TiO2 –PVP and TiO2 nanofibers.
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attributed to the fact that at relatively low length-to-diameter
(L/D) ratios shear deformations become an important
contribution.

4. Conclusion
Both PVP/TiO2 and TiO2 electrospun nanofibers were
readily obtained by electrospinning. The elastic (Young’s)
moduli of the nanofibers were determined through the AFM
three-point bending test. This technique successfully demonstrated the nanomechanical study of individual ceramic
nanofibers and polymer–ceramic composite nanofibers.
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