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Abstract

TiO, nanofibers (NFs) structures were fabricated on the indium tin oxide (ITO) conducting substrates that serve as working
electrodes in photoelectrochemical (PEC) cells for the generation of hydrogen by water splitting. The TiO,-NFs were
synthesized by the electrospinning method at room temperature using the spray solution of Titanium tetraisopropoxide and
Polyvinylpyrrolidone polymer at different times spraying to optimize the water splitting efficiency. The samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS). The photoelectrochemical (PEC) properties of the electrodes were measured,
using a three-electrodes electrochemical analyzer illuminated with a standard 150W Xenon lamp. It was found that
maximum water splitting efficiency of TiO,-NFs electrode with spraying time at 20 min was about 0.03% (corresponding
photocurrent density 80 HA/cm® at Vi, = 0.2 V). This result is relatively higher compared to TiO, nanostructures in
previous studies.
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environmentally safe when it is generated from renewable
1. Introduction sources like wind, hydroelectric, tidal, geothermal, or solar
energies [1-3]. The water splitting in a photoelectrochemical
cell (PEC) is a promising way for hydro production. It is
environmentally safe, with no undesirable by-products, and is
easy to achieve [4]. Therefore, hydrogen is an attractive
alternative energy source that addresses several energy

availability and environmental issues.

Fossil fuels such as coal, oil and gas have become a major
source of energy for power generation in many countries
around the world. However, these energy sources are also
gradually exhausting, which makes developing clean and
renewable energies a very important task. Hydrogen is widely
considered to be the fuel of the future because of the fossil

fuels increased price and its environmentally friendly nature. ~ Among the semiconductor used in the photoelectrochemical

There is a growing awareness that hydrogen could reduce the
dependence on imported oil and avoid the next potential
energy crisis, driven by the actual dependence of existing
societies to oil producer countries. Hydrogen is
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field, Titanium dioxide (TiO;) has been selected for the
present investigation because it represents a good compromise
between stability to corrosion and photocorrosion, as well as
having a low cost, a high availability, and a low toxicity [5].
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The first study on the process of water separation using TiO,
was made by Fujishima and Honda in 1972 [6]. Most of these
early water-splitting studies focused on TiO, nanostructured
nanoparticles because they exhibit many great advantages for
photocatalysts, adsorbers or sensors, due to their large surface
area and ease of manufacture [7-9]. However, the use of TiO,
0D still has drawbacks such as fast recombination of electrons
and holes, slow charge transfers, and high recycling costs that
limit its photocatalytic efficiency [1].

In recent years, One-dimensional (1D) nanostructured
materials have become one of the hottest research fields
because the anisotropic morphology of one-dimensional (1D)
nanostructure makes it exhibit superior optical, magnetic,
electrical, and mechanical properties [10]. One-dimensional
(1D) TiO, nanostructures, such as nanorods, nanofibers, and
nanotubes were successfully synthesized. Nanofiber structure
is a promising photocatalyst because of high activities and
large surface area. Many methods such as sol-gel [11],
electrospinning [12], electrochemical anodization [13], laser
pulse deposition [14], or hydrothermalism [15] have been
utilized for the synthesis of nanofiber TiO,. Among the
methods for preparing nanomaterials, electrospinning has
attracted much attention because it provides a cost-effective,
versatile, simple and continuous process. The principle of
electrospinning is to apply high voltage on a syringe needle
connected to another syringe containing a polymer solution.
When the polymer solution flows out from the needle, the
polymer is pulled onto a collector by strong electric field and

forms a  nanofiber  structure. In  this  study,
Polyvinyl-pyrrolidone/TiO, nanofibers 1is prepared by
electrospinning in combination with calcination. The

thickness of TiO, deposited on ITO is controlled to optimize
the photoconversion efficiency.

2. Experimental

2.1. Preparation of TiO, Nanofibers

The TiO, nanofibers were fabricated by electrospinning a
mixture of TiO, sol and Polyvinylpyrrolidone (PVP) (Mw ~
360.000, Sigma-Aldrich) polymer. First, the TiO, sol was
prepared by hydrolyzing 3 mL of Titanium tetraisopropoxide
[Ti(OiPr)4; 97%, Sigma-Aldrich] with a mixture of 5 mL of
Ethanol (98%) and 3 mL of Acetic acid (99%). Next, PVP was
separately dissolved in 5 mL of Ethanol and then added to the
TiO, sol solution. The precursor mixture was stirred for 2
hours at room temperature to have the required viscosity for
electrospinning. The precursor solution was then filtered to
remove possible impurities. The solution was then placed in a
5 mL syringe attached to the syringe pump and fed into the
metal needle. The precursor solution was then electrospun
under conditions of applied voltage (kV) and flow rate (mL/h)

of 10 kV and 0.04 mL/h. The ITO conducting substrates
(2.5%2.5 mm) were placed on a grounded collector for the
accumulation of NFs. After collecting times, the electrode was
dried in the air for 5 hours to allow the hydrolysis of Ti(OiPr),.
Finally, the Ti(OiPr),/PVP composite nanofibers were
oxidized for 3 hours at 5S00°C with a heating rate of 2°C/min
in ambient atmosphere to remove the PVP and form the
TiO,-NFs on ITO substrate. The thickness of TiO,-NFs
deposited on ITO is controlled by changing the collecting time.
The spraying times were 5 min, 10 min, 15 min, 20 min and 25
min. The electrodes corresponding to 25 min was flaked away
after sintering. Because the TiO; layer was too thick, we could
not investigat the properties of this electrode.

2.2. Film Characterization

The morphology of the fabricated structures were examined
by field-emission scanning electron microscopy (FE-SEM,;
Hitachi S4800), High-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2100F), and X-ray
diffraction (XRD, Siemen D5005) using Cu Ka radiation with
Ni filter with a step size of 0.02°. The elemental and chemical
states analysis were determined by X-ray photoelectron
spectroscopy (XPS) (GT-3000A).

2.3. Photoelectrochemical Measurements

PEC properties were measured with a three-electrodes
electrochemical analyzer (Model DY2300), using the
fabricated nanostructure films formed on ITO as the working
electrode, a platinum (Pt) wire as the counter electrode, and
Ag/AgCl in saturated KCl as the reference electrode. The
electrolyte utilized for the TiO, structures consists of 0.5 M
Na,SO4. A 150 W Xe lamp (Gloria — X150A) was used as a
simulated sunlight source with an intensity of 100 mW/cm® to
evaluate the photon-to-current conversion efficiency of the
photoanodes. All the measurements were performed with
front-side illumination of the photoanodes and the linear
sweep potential at a scan rate of 50 mV/s. The exposed area of
the working electrode to the electrolyte was fixed at 1 cm’
using nonconductive epoxy resin. The electrode performance
was evaluated via the photoconversion efficiency
measurement using the following equation I

ﬂ(%) = Jp(Erev - Eapp)*IOO/Io

where J, is the measured photocurrent density (mAcm™), I, is
the incident light intensity of the solar simulator (100
mW/cmz), E., is the standard state-reversible potential
(1.23V), Eqpp (= Emeas - Eaoc) 1s the applied potential, in which
Epeas 1 the electrode potential (vs Ag/AgCl) of the working
electrode under illumination, and E,. is the electrode
potential (vs Ag/AgCl) of the same working electrode under
open circuit conditions [16].
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3. Results and Discussion
3.1. Structural Studies

Figure 1 shows that the XRD patterns of the prepared samples
calcined at 500°C for 3 hours in air atmosphere with spraying
time 15 min and 20 min, respectively. The patterns indicate the
presence of anatase TiO, structure with peaks at 20 = 25.3°
and 38.56°, corresponding to the diffraction on the (101) and
(112) planes of anatase TiO,. The peak values we measured
are consistent with the JCPDS (file no. 84-1286) diffraction
patterns of the anatase TiO,.
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Figure 1. XRD patterns of the prepared samples calcined at 500°C.

The Raman spectra recorded was used to confirm the anatase
structure of the TiO,. Figure 2 shows the Raman spectra (RFS
100 FT-Raman Bruker spectrometer) of different times

spraying. The spectra were taken at room temperature using a
632.8 nm laser line as the excitation source. In particular,
anatase has six Raman active modes. In the case of anatase
single crystal, six bands in the first-order Raman spectrum
were identified at 144 cm™ (Eg), 197 cm™ (Eg), 399 cm’
(Blg), 513 cm™ (Alg), 519 cm™ (Blg), and 639 cm™ (Eg) [17].
Vibration peaks at 399 cm™ (Blg), 513 cm™ (Alg) and 639
cm’' (Eg) are present in the spectra for all samples, which
indicates that anatase TiO, crystalline are the predominant
species. Furthermore, different peaks were not observed. This
is in good agreement with the results of XRD spectrum.
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Figure 2. Raman spectra of the prepared samples calcined at 500°C.

3.2. Morphological Studies

The morphologies of the prepared PVP/TiOPr composite
nanofibers and TiO, nanofibers are shown in Figure 3.

Figure 3. SEM images of the samples (a) PVP/TiOPr composite nanofibers, (b) TiO, nanofibers sintered at 500°C.

It is clearly observed that the PVP/TiOPr composite

nanofibers formed a fibrous structure with varying fiber

diameters, as revealed in Figure 3a. The electrospun

PVP/TiOPr composite nanofibers showed smooth surface,
with fiber diameters ranging from 200 nm to 550 nm. The
calcinations significantly altered the surface morphologies of
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the electrospun nanofibers, as presented in Figure 3b. It is
evident that the diameters of the corresponding TiO,
nanofibers got smaller than the electrospun ones, after
calcination process. The diameters of TiO, nanofibers ranged
from 200 to 350 nm for nanofibers obtained at 500 C and the
length of NFs is in the range of hundreds of micrometers. TiO,
nanofibers were composed of TiO, nanoparticles, aggregated
along fiber orientation.

Figure 4 shows the HRTEM and EDS used to prove the
crystalline phase. Figure 4a showed the TEM picture of
TiO,-NFs, the diameter of NFs corresponded to the result of
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SEM. The EDX spectrum (inset Figure 4a) had the two peaks
of Ti, O and no different peaks were observed (the peak of C
was grid carbon when measuring samples). The HR-TEM
images of the TiO,-NFs show a highly crystalline structure in
which the lattice fringes of TiO, are clearly visible.
Accordingly, a lattice constant of 0.35 nm was determined for
TiO,, which corresponds to the lattice spacing between the
(101) planes of the anatase TiO, (JCPDS file no. 84-1286).
These results are in good agreement with the results obtained
by XRD, as shown in Figure 1.

Figure 4. The TEM (a) and HR-TEM (b) images of TiO,-NFs with a spraying time of 20 min.
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Figure 5. XPS spectra of sample: the whole survey spectrum of TiO,-NFs in

set Ti 2p peak (a) the O 1s peak (b).

To investigate the surface chemical compositions and the
valence states of the elements existing in the sample, XPS
measurements were performed on the TiO,-NFs. The
spectrum of figure 5 indicates the presence of Ti and O

elements in the sample. The peak created by the spin - orbital
interaction for Ti 2p producing the doublet Ti 2p;/, and Ti 2p;,,
can be observed in inset Figure 5a. The peaks at 465 eV and
458.6 eV represent the doublet states Ti 2p;/, and Ti 2p;5,. The
value binding energy difference of two states was 6.4 eV,
which was marked for Ti 2p in the anatase TiO,. The spectrum
of O 1s of TiO,-NFs was from 528 eV to 534 eV, which may
be the region with two peaks of 529.5 and 531.3 eV (Figure
5b). The first peak was attributed to the O forming oxide with
titanium. The remaining energy peak was the O 1s in the C-O
band on the surface of the materials [18].

3.3. Photoelectrochemical Performance

The PEC performance of a photocatalyst mainly comes from
its structural and morphological properties. The main
characteristic of a NF material is a larger surface area which
has the corollary of creating numerous places for electron-hole
generation [19]. Figure 6 presents photo- and dark-current
density and the corresponding photoconversion efficiency for
Ti0O,-NFs photoelectrodes with different collecting times (5,
10, 15 and 20 min). Figure 6a shows the influence of the
spraying time and the applied potential bias on magnitude of
photocurrent. Under Xenon lamp illumination, the anodic
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photocurrent increased with increasing potential bias for all
samples. Corresponding, Figure 6b is the photoconversion
efficiency; it shows the increased in photoconversion
efficiency when the time is increased and attain a maximum of
about 0.03% (corresponding photocurrent density 80 pA/cm?
at Vs = 0.2 V) at a spraying time of 20 min. This result is
comparable or higher than recently reported values for TiO,

0.18
& 0.16 a
g 1 = Dark
< 0'14'. — 5 Min
£ 0.124 ——10 min
‘;‘ e ——15 min
= e 20 MiN
2 0.08-
q’ -
T  0.064
E L
S 0.04-
t -
5 0.024
o -

0.00 4

-0.4 02 00 02 04
Potential [V vs Ag/AgCl]

nanostructures [20-22]. We believe that the thickness of the
electrode increases with the time, leading to the recombination
of a large amount of photogenerated carriers before reaching
interface, although a greater quantity of electron-hole pairs

was generated. Thus the photoconversion efficiency
decreased.
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Figure 6. (a) Photo- and dark-current density; (b) Corresponding photoconversion efficiency of TiO,-NFs with various spraying times.

4. Conclusions

In summary, TiO,-NFs were successfully prepared by
electrospinning in combination with calcination, using as
photoanodes in (PEC) for hydrogen generation. The
photoconversion efficiency was optimized by controlling the
electrode thickness, TiO,-NFs showing maximum efficiency
at 0.03% with 20 min of spraying time under solar light
illumination. The results show that the photoanodes using
TiO,-NFs structure is promising for
energy-to-hydrogen conversion devices.
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