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ABSTRACT: Photoelectrochemical sensors based on hierarchically
structured titanium dioxide (TiO2) nanofibers (NFs) were fabricated
by combination of electrospinning, carbon microelectromechanical
systems (MEMS), and hydrothermal reaction. During the electro-
spinning step, a rotating drum collector was used to align and
position NFs of titanium tetraisopropoxide (TTIP) in polyvinylpyr-
rolidone (PVP) on top of a carbon-MEMS structure. Following
calcination under vacuum, a stable ohmic contact was obtained
between suspended TiO2-carbon NFs (TiO2/C NF) and the carbon
electrodes. Subsequent to this, a hierarchical nanostructure of TiO2
nanowires (TiO2 NWs) was hydrothermally synthesized onto the
TiO2/C NFs and successfully utilized as UV and pH sensors. This is
the first demonstration of a semiconductor-based nanofiber sensor
suspended on carbon electrodes that has been achieved by a relatively simple and cost-effective electrospinning method.
Furthermore, these sensors demonstrate a high sensitivity, as well as a stable ohmic contact, due to the large surface area of the
TiO2 NWs and the carbon−carbon contact between the suspended TiO2/C NFs and carbon electrodes.
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■ INTRODUCTION

Semiconducting nanoelectronic devices have attracted consid-
erable attention in recent years due to their unique photo-
electrochemical properties.1,2 In particular, titanium dioxide
(TiO2) has proven to be the material of choice for various
applications such as sensors,3−5 transistors,6 solar cells,7,8 water
splitting,9 and antimicrobial agents10 by virtue of its electron
band structure, high sensitivity, low cost, rapid response time,
and recovery behavior; as well as providing photo/chemical
stability and biocompatibility.
Field effect transistor (FET)-type nanoelectronic devices can

be achieved through the integration of TiO2 nanomaterials
produced by chemical vapor deposition (CVD),11,12 sol−gel,13
chemical precipitation,14 and hydrothermal synthesis.15,16

Furthermore, as an alternative to patterning such nanomaterials
on a substrate, three-dimensional nanostructures such as
suspended nanowires can provide enhanced sensitivity through
their much greater surface area. As such, various efforts have
already been made to fabricate suspended structures;17−23

however, these methods have thus far required complex
integration processes, such as the precise transfer and alignment
of nanomaterials onto prepatterned metal electrodes using
dielectrophoresis (DEP),17−19,23 magnetic fields,20 manipula-
tion by electrostatic force,21,24 or contact printing.25 Although
these methods can integrate and suspend nanomaterials onto
prepatterned metal electrodes, the contact between the
nanomaterials and metal electrodes achieved is unstable due

to a weak force of adhesion. This, in turn, causes electrical
instability and mechanical failures that are driven by thermal or
mechanical stress. The end result is that postbonding processes
such as selective metal deposition by focused ion beam
(FIB),21,26 soldering,20 metal deposition by photolithography,19

and compression22,23,27 are invariably required to ensure a
mechanically and electrically stable contact for reliable
operation. However, this requirement for serial processes
greatly increases the cost, time, and complexity of manufactur-
ing, thereby reducing throughput to levels that make it difficult
to economically achieve reliable devices on a commercial scale.
In contrast, nanomaterials can be directly deposited onto

electrodes via electrostatic spray deposition (ESD)28,29 or
electrospinning (ES) technique.30,31 In particular, ES presents a
simple, fast, and low-cost technique for fabricating nanofibers
(NFs) of various materials (including polymers, carbon, and
semiconductors) and can therefore provide a straightforward
way to assemble and integrate NFs onto electrodes without the
need for a complex transfer and alignment process.32 Typically,
electrospun NFs are deposited onto a grounded substrate in a
random orientation; however, a high degree of alignment can
be achieved by using a rotating drum collector, in which NFs
are oriented in the direction of rotation by being stretched as
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they are deposited on the substrate.33 Recently, Sharma et al.
reported that polymer NFs suspended on a SU-8 photo-
patterned microelectromechanical systems (MEMS) structure
can be achieved by using a rotating drum collector.34 Moreover,
both the polymer NFs and the MEMS structure of the SU-8
photoresist were carbonized by pyrolysis, thus resulting in a
stable ohmic contact. This behavior is advantageous, in that it
means nanoelectronic devices can be readily achieved through a
simple ES and pyrolysis process, without the necessity for
complicated and expensive alignment and postbonding steps.
Its application to carbon-based electronic devices is, however,
inherently limited by the zero band gap of the material.
In this study, this methodology is expanded to the

development of semiconductor-based suspended NFs. To this
end, suspended TiO2−carbon NFs (TiO2/C NFs) are
prepared, and the ohmic contact between these NFs and the
carbon electrodes is investigated. In addition, hydrothermal
synthesis was employed to obtain a hierarchical structure of
TiO2 NWs on the previously suspended TiO2/C NFs. The aim
of this was to increase the detection sensitivity by increasing the
surface area, thus potentially enabling their use in ultraviolet
(UV) and pH sensors.

■ EXPERIMENTAL SECTION
Materials. Titanium tetraisopropoxide (TTIP, 98%), polyvinylpyr-

rolidone (PVP, Mw = 1 300 000), acetic acid, anhydrous ethanol
(99.5+%), and titanium butoxide (Ti(OBu)4, 97%) were all purchased
from Sigma-Aldrich. KMPR 1035 was purchased from MicroChem,
and hydrochloric acid (HCl, 35−37%) was purchased from Samchun.
Fabrication of Carbon MEMS Structure. Photopatterned

KMPR resist fabricated by conventional photolithography was
pyrolyzed to prepare carbon-MEMS structures. The process is briefly
described as follows. First, a KMPR resist was spin-coated onto a Si3N4
dielectric layer (300 nm) that had been previously deposited on a Si
substrate using low pressure chemical vapor deposition (LPCVD) at
2800 rpm. Following soft-baking at 100 °C for 20 min, photo-
lithography under UV light with a peak wavelength of λ = 365 nm at
850 mJ/cm2, postbaking at 100 °C for 4 min, and development
processes for 15 min, a MEMS structure with a gap distance of 10 μm
and height of 55.39 ± 1.27 μm was obtained, as shown in Supporting
Information Figure S1 and Table S1. After pyrolysis for 3 h at 500 °C,
with a heating rate of 1 °C/min under vacuum conditions of ∼5 ×
10−7 Torr, a KMPR-derived carbon-MEMS structure with a gap
distance of 75.33 ± 1.89 μm and height of 10.26 ± 0.54 μm was
obtained.
Fabrication of Suspended TiO2/C NFs on Carbon Electrodes.

TiO2/C NFs were obtained by the ES of TTIP/PVP NFs and their
subsequent pyrolysis. The detailed procedure is as follows. First, a
precursor solution was prepared by mixing TTIP (1.5 g) dissolved in
ethanol (3 mL) and acetic acid (3 mL) with a solution containing 11
wt % PVP in ethanol. The solution was loaded in a syringe with

stainless steel needle with a diameter of 400 μm, which was connected
to a syringe pump set with the flow rate of 0.5 mL/h. The KMPR-
derived carbon MEMS structure was affixed on a grounded drum,
which rotates during the ES with the spin speed of 2500 rpm. For the
ES process, a high DC voltage (15 kV) was applied between the needle
and the drum, the distance of which was fixed at 10 cm. Figure 1a
shows a schematic diagram depicting TTIP/PVP NFs suspended and
aligned in a uniaxial direction on the carbon-MEMS structure derived
from KMPR. To place the TTPIP/PVP NFs on the desired location of
the carbon-MEMS structure, the other region was masked by
polyimide film. After the ES process, the polymer film was detached,
and TTIP/PVP NFs deposited at the desirable location on the carbon-
MEMS structure could be obtained. Following a second pyrolysis at
900 °C for 3 h, with a heating rate of 1 °C/min under vacuum
conditions of ∼5 × 10−7 Torr, TiO2/C NFs were obtained on the
carbon electrodes, as illustrated in Figure 1b. These TiO2/C NFs had a
diameter of 100−150 nm (Supporting Information Figure S2), while
the carbon electrodes had a gap distance of 77.00 ± 0.82 μm and
height of 7.84 ± 0.36 μm (Supporting Information Figure S1 and
Table S1).

Synthesis of Hierarchically Structured TiO2 NWs. The
hierarchical structure of the TiO2/C NFs was achieved by synthesizing
TiO2NWs onto the TiO2/C NFs suspended and aligned on carbon
electrodes, as shown in Figure 1c. This synthesis was performed as
follows: 1.7 mL of Ti(OBu)4 was injected into a 5.83 M HCl solution,
and then stirred for 10 min. Following this, a device consisting of
TiO2/C NFs aligned and suspended on carbon electrodes was
immersed into the mixture at an angle, so as to ensure that the TiO2/C
NFs were facing downward. This was then sealed in an autoclave and
kept at 150 °C for 6 h. After the temperature was naturally cooled to
room temperature (23 °C), the device was washed with DI water and
ethanol.

Characterization. Field-emission scanning electron microscopy
(FE-SEM, FEINano230) was used for the microstructural character-
ization of the suspended TiO2/C NF and TiO2 NWs-TiO2/C NF-
based device, respectively. A probe station (MST-8000C, MSTech)
was used for the electrical characterization, in which two sharp probe
tips were contacted onto two carbon electrodes, respectively. I−V
characteristics of the device then were measured by direct-current
voltage sweeping mode by using a semiconductor analyzer (4200-SCS,
Keithley). X-ray photoelectron spectroscopy (XPS, K-alpha) and X-ray
diffraction (XRD, D8 Advance, Bruker) were used to confirm the
elemental composition and crystal phases of the TiO2/C NFs and
TiO2 NWs.

UV and pH Sensing Experiment. For the UV sensing
experiment, a UV lamp with a light intensity of 0.7 mW/cm2 and
peak wavelength of λ = 365 nm was used. The UV lamp was placed
with a distance of 20 cm on TiO2 NWs-TiO2/C NF-based device and
switched on and off repeatedly with the time periods of 35 s. Changes
in electrical current measured through the TiO2 NWs-TiO2/C NF that
occurred upon the exposure to UV were measured using a probe
station at a constant DC bias of 1 V. For the pH sensing experiment,
phosphate buffer solutions were made to different pH values by mixing
10 mM phosphate buffer (pH 7.4) to an appropriate ratio with either

Figure 1. Fabrication of hierarchically structured TiO2 NWs on TiO2/C NFs suspended and aligned on carbon electrodes: (a) Electrospun TTIP/
PVP NFs are suspended on carbon electrodes prepared by the pyrolysis of a photopatterned KMPR resist at 500 °C. (b) A stable ohmic contact
between the TiO2/C NFs and carbon electrodes is obtained following pyrolysis at 900 °C. (c) TiO2 NWs are hydrothermally synthesized on the
suspended TiO2/C NFs.
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0.1 M HCl or 0.1 M NaOH, and the pH of the resulting solution was
confirmed by a pH meter (Fisher Accumet AR10). The region of TiO2
NWs-TiO2/C NF was dipped into the prepared solution with varying
pH values, and changes in electrical current through the TiO2 NWs-
TiO2/C NF were measured using a probe station at a constant DC
bias of 1 V.

■ RESULTS AND DISCUSSION
The rotational speed of the drum collector was controlled
between 500 and 2500 rpm, so as to highly align and position
TTIP/PVP NFs onto a Si substrate. At 500 rpm, the TTIP/
PVP NFs were deposited without a fixed oriented direction, as
shown in Figure 2a. On the other hand, as the rotation speed of

the drum collector was increased to 2500 rpm, the TTIP/PVP
NFs became more oriented in the direction of rotation, as
shown in Figure 2b. This alignment was attributed to the fact
that when TTIP/PVP NFs are deposited onto a drum collector
rotated at sufficient speed, they undergo a mechanical pulling
that results in a high degree of alignment.33

Knowing the conditions required for alignment made it
possible to then directly assemble uniaxially orientated TTIP/
PVP NFs onto the KMPR-derived carbon MEMS structure.
For this, the KMPR resist patterned on a Si3N4/Si substrate was
affixed to a drum collector rotated at 2500 rpm during the ES of
TTIP/PVP NFs. This was then carbonized by pyrolysis to yield
TiO2/C NFs and carbon electrodes; however, some breakage of
the TiO2/C NFs suspended on the carbon electrodes was
found to occur as a result of this process. As shown in Figure
3a,b, this breakage was caused by shrinkage of the KMPR resist
during pyrolysis due to its carbonization,34 thus resulting in an
increase in the gap distance between the carbon electrodes
from 10 μm to 77 ± 0.82 μm (Supporting Information Figure
S1 and Table S1). The mechanical stretching that this induces
provides the force needed to break the TiO2/C NFs, as shown
in Figure 3b. To prevent this breakage of the TiO2/C NFs, the
pyrolysis process was modified to incorporate into two steps, as
follows: First, the KMPR-derived carbon MEMS structure was
only partially pyrolyzed at 500 °C for 3 h, prior to the assembly
of TTIP/PVP NFs on its surface. As shown in Figure 3c, this
results in an increase in the gap distance to 75.33 ± 1.89 μm
(Supporting Information Figure S1 and Table S1). Second,
following the assembly of TTIP/PVP NFs on the KMPR-
derived carbon MEMS structure surface, it is pyrolyzed at 900
°C for 3 h. This successfully prevented breakage of the TiO2/C
NFs, as shown in Figure 3d, while still ensuring their
suspension and alignment on the carbon electrodes by virtue

of the greatly reduced gap increase of just 2 μm (Supporting
Information Figure S1 and Table S1). We next measured the
conductivity of the TiO2/C NFs-based device. Because the
number of TiO2/C NFs was varied in the fabrication of device
each time, we prepared single TiO2/C NF suspended and
aligned on the carbon electrodes by cutting extra TiO2/C NFs
by using a focused ion beam (FIB) milling system to avoid the
broad distribution of conductivity value caused by the different
number of TiO2/C NF. This revealed a stable ohmic contact
with a relatively low resistance of 7.54 × 105 ± 1.1 × 105 Ω, as
shown in Figure 3e. We observed that the micropatterns
pyrolyzed at 500 °C for 3 h were not conductive, which
indicated that it was not fully carbonized. It became conductive

Figure 2. Comparison of drum collector rotation speeds at 15 kV, a
flow rate of 0.5 mL/h, and a fixed distance of 10 cm between the drum
collector and needle: (a) TTIP/PVP NFs are deposited onto a Si
substrate with a random orientation at a drum speed of 500 rpm. (b)
TTIP/PVP NFs are deposited in a uniaxial direction at a drum speed
of 2500 rpm.

Figure 3. Comparison of pyrolysis processes for the carbonization of
TTIP/PVP NFs and KMPR resist: (a) as-patterned KMPR resist with
the two electrodes 10 μm apart; (b) direct-pyrolysis of the KMPR
resist and TTIP/PVP NFs at 900 °C for 3 h causes breakage of the
suspended TiO2/C NFs due to an increase in the electrode gap to 77
± 0.82 μm; (c) first-stage-pyrolysis of KMPR resist at 500 °C for 3 h
before TTIP/PVP NFs are assembled on it, in which the gap distance
is increased to 75.33 ± 1.89 μm; and (d) second-stage-pyrolysis of the
partially pyrolyzed KMPR resist at 900 °C for 3 h after assembly of
TTIP/PVP NFs. TiO2/C NF breakage is eliminated due to the much
smaller gap distance increase of just 2 μm (from 75.33 ± 1.89 to 77 ±
0.82 μm). (e) ID−VDS curve for a single TiO2/C NF-based device,
which reveals ohmic contact with a relatively low resistance value of
7.54 × 105 ± 1.1 × 105 Ω.
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as the pyrolysis temperature was increased to 900 °C possibly
due to the extensive graphitization process. In the current work,
the ohmic contact could be formed when TTIP/PVP NFs were
first deposited on the partially pyrolyzed micropattern and then
fully carbonized together at 900 °C, which resulted in carbon-
to-carbon contact between the fiber and the base MEMS
structure. This suggests that the TiO2/C NFs and carbon
electrodes are well bonded by the carbon-to-carbon contact, in
which the carbon component of the TiO2 NFs is derived from
PVP. The resistivity of a single TiO2/C NF with a length of 77
μm and diameter of 130 nm was also calculated, returning a
resistivity of ρ = 1.45 × 10−2 Ω cm that is significantly lower
than the ρ = 102−107 Ω cm35 of a polycrystalline TiO2 film.
This low resistivity value for the TiO2/C NFs was attributed

to the predominance of carbon, as it was comparable to the ρ =
5.42 × 10−2 Ω cm of a single carbon NF.34 The XPS analysis
results shown in Supporting Information Figure S3 and Table
S2 confirm that the TiO2/C NFs consist mainly of carbon
(53.27%), with a small amount of Ti (7.33%). However,
although this carbonized TiO2/C NF offers advantages such as
a low resistivity, it is hindered by a poor photocatalytic
performance relative to other TiO2 materials. This is because
the increase in carbon creates more defects and disordered
phases in the crystalline structure of TiO2, thus resulting in an
amorphous TiO2 phase in the carbonized NF.36 In an effort to
improve the crystallinity of the TiO2, as well as increase the
surface area of the NF, additional TiO2 NWs were hydro-
thermally synthesized5 onto the TiO2/C NFs, with the
originally deposited TiO2 NFs acting as a seed material for
TiO2 NWs growth. A noteworthy result of this was that carbon
electrodes derived from a SU-8 photoresist were found to be
detached from a SiO2 dielectric substrate, as shown in the
Supporting Information Figure S4a. This was attributed to their
weak adhesion,37 especially under the acidic conditions
required for hydrothermal synthesis using HCl. In using a
KMPR resist on a Si3N4 dielectric substrate, this problem was
successfully overcome by ensuring a much stronger force of
adhesion, as shown in Supporting Information Figure S4b. The
end result was that TiO2 NWs with a diameter of ∼50 nm and
length of ∼150 nm were successfully synthesized on the
suspended and aligned TiO2/C NFs on the carbon electrodes,
as shown in Figure 4a. Characterization of the crystalline phases
of this synthesized TiO2 by XRD analysis is shown in Figure 4b,
in which crystalline structures of TiO2 are notably absent in the
TiO2/C NFs. This further indicates that the TiO2 species
existed as an amorphous phase due to the predominance of
carbon. In contrast, crystal structures are clearly discernible in
the TiO2 NWs-TiO2/C NFs due to single-crystal rutile TiO2
NWs synthesized on the TiO2/C NFs where the peaks at
27.48°, 36.18°, 41.28°, and 54.18° are well indexed as rutile
crystal planes of (110), (101), (111), and (211). As shown in
Figure 4c, the resistivity of a single TiO2 NWs-TiO2/C NF was
calculated from the resistances obtained at different gap
distances of 66.33 ± 3.09 and 77 ± 0.82 μm, these being
derived from KMPR resists with initial gap distances of 5 and
10 μm, respectively (Supporting Information Figure S1 and
Table S1). This revealed an increased resistivity of ρ = 1.56 Ω
cm when compared to a single TiO2/C NF, which is attributed
to the increased loading of Ti from 7.33% to 16.29%, as shown
in Supporting Information Figure S3 and Table S2. However,
this value of ρ = 1.56 Ω cm is still significantly lower than the
102−107 Ω cm of a polycrystalline TiO2 film, and comparable

to the ρ = 1.09 Ω cm of a single-crystal anatase TiO2
nanotube.38

The applicability of the device as a UV and pH sensor is
demonstrated at low DC bias of 1 V in Figure 5. From the UV
sensing data shown in Figure 5a, it is clear that the TiO2/C NF-
based device is not photosensitive, a result of its noncrystalline
structure and high number of defects such as oxygen vacancies.
N.-L. Wu et al.39 have also previously reported that the
photocatalytic performance of TiO2 powders becomes poor
when they are calcinated under vacuum, which is due to a high
number of oxygen vacancies inhibiting the transference of
generated electrons and holes to the reactant surface under UV
illumination. This, in turn, inevitably results in a recombination
of the electron and hole pair. In contrast, the improved
crystalline structure and TiO2 loading of the TiO2 NWs-TiO2/
C NF-based devices make them quite sensitive to UV light,
with an average on/off ratio of 1.10 even at a low UV power
density of 0.7 mW/cm2 and a low DC bias of 1 V. This also
represents a significant improvement over devices based on

Figure 4. Microstructural and electrical characterization of TiO2 NWs-
TiO2/C NF-based device: (a) SEM image of hierarchically structured
TiO2 NWs hydrothermally synthesized on TiO2/C NF suspended on
carbon electrodes. (b) XRD analysis of the TiO2 NWs synthesized on
the TiO2/C NFs. The peaks are indexed as rutile in TiO2 NWs-TiO2/
C NFs. (c) ID−VDS curve of a single TiO2 NWs-TiO2/C NF-based
device for two different gap distances (66 and 77 μm). The resistivity
of ρ = 1.56 Ω cm was calculated from these measurements.
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electrospun ZnO NFs,40 which are not sensitive to UV light
even at a DC bias of 5 V. Under UV illumination, the
conductance of the device was increased from 68 to 75 nA;
however, this was reduced once the device was placed under
conditions of darkness, with a recovery time of less than 0.1s.
This phenomenon of increased electrical current is known to be
due to the generation of free electrons in TiO2 NWs under UV
illumination, which thus leads to a decrease in resistivity.4

With regards to pH sensing, as shown in Figure 5b, the
conductance of the device was measured under static
conditions in buffer solutions of varying pH values. This
found that the conductance linearly decreases with a resolution
of 5.68 ± 0.28 nS/pH, at a constant DC bias of 1 V, as the pH
level of the buffer solutions is increased from 2 to 12. This
result is comparable to that obtained with a single Si NW,
which exhibits a resolution of 5 nS/pH,41 and can be attributed
to the surface electron charge of n-type TiO2 NWs by the
surrounding ion charge concentration.42 Specifically, at a low
pH level of 2, the high concentration of H+ ions in the solution
reduces the depletion layer on the surface of the TiO2 NWs,

thus giving rise to an increase in the conductance of the device.
In contrast, at a high pH level of 12, the high concentration of
OH− ions increases the depletion layer at the surface of the
TiO2 NWs, which leads to a reduced conductance.
These results successfully demonstrate the practical

application of this device as a UV and pH sensor, and thus
we believe that such devices fabricated by ES with a rotating
drum collector and posthydrothermal synthesis can be widely
applied to various nanoelectronic devices.
In this work, we employed a drum collector to provide a

simple and efficient method to prepare relatively well-aligned
NFs on one pair of electrodes. However, the precision of the
positioning of the NFs can be further improved by applying an
additional electric field either on the substrate43,44 or between
the tip and the substrates.45

■ CONCLUSIONS

This study has demonstrated that hierarchical TiO2 NWs-
TiO2/C NFs suspended on carbon electrodes in a uniaxial
direction can be achieved by combining electrospinning (ES)
with a rotating drum collector, followed by controlled pyrolysis
and hydrothermal synthesis. Although pyrolysis at 900 °C was
found to cause breakage of the TiO2/C NFs, this could be
overcome by dividing the pyrolysis process into two steps: the
first-stage-pyrolysis of KMPR resist at 500 °C prior to the
assembly of TTIP/PVP NFs on its surface, and second-stage-
pyrolysis at 900 °C after the assembly of TTIP/PVP NFs on
the KMPR-derived carbon MEMS structure surface. The
devices fabricated in this way exhibited good ohmic contact,
with a low resistivity of ρ = 1.45 × 10−2 Ω cm. Subsequent
hydrothermal synthesis of TiO2 NWs on the TiO2/C NFs
formed a hierarchical structure, while also improving the
crystalline structure of the TiO2 and the surface area of the
NFs. This resulted in a device that maintained a low resistivity
of ρ = 1.56 Ω cm, and that could be successfully applied as a
UV and pH sensor at DC bias of 1 V, demonstrating an average
on/off ratio of 1.10 and a resolution of 5.68 ± 0.28 nS/pH as a
UV and pH sensor, respectively. We believe that given the
relatively low-cost and simplicity of this technology; made
possible by the lack of complex transfer, alignment, and
bonding processes, it has great potential for the fabrication of
one-dimensional semiconductor-based electronic devices offer-
ing enhanced sensitivity for a variety of applications.
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Figure 5. Application of hierarchically structured TiO2 NWs-TiO2/C
NF suspended on a carbon-electrode-based electronic device as a UV
and pH sensor: (a) response to UV light (λ = 365 nm) in ambient air
at room-temperature, with a DC bias of 1 V; and (b) electrical
conductance of TiO2 NWs-TiO2/C NF at a DC bias of 1 V and pH
values of 2, 5, 8, 10, and 12. The red line is the linear fit through the
data. (inset) Plot of conductance versus time at pH values of 2, 8, and
12.
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