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Fabrication of TiO2 nanotubes via three - electrodes anodization technique
under sound waves impact and use in dye-sensitized solar cell
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Abstract

An experimental study on the growth of Titanium dioxide nanotubes (TNTSs) during the three-electrode anodization technique
of Ti substrate in fluoride-ion /ethylene glycol (EG) electrolyte has been conducted at 20 V for 30 minutes. The evolution of
this nanostructure includes the inward growth of a compact porous layer at the oxide/Ti substrate interface that grows into
nanotubes. A further explication for the formation of these TNTSs via the anodization and ultrasonic vibration techniques were
introduced based on the geometric variations observed. X-ray diffraction (XRD) spectrum showed that the dominance of the
anatase phase with improved crystallinity properties at crystal size 15.2 nm which was affected by the sound waves. Highly
ordered 7.09 um long TNTs with an average diameter of 65.57 nm were produced in the presence of ultrasound and 4.50 um
long of nanotubes with an average diameter of 51.18 nm were obtained in the absence of ultrasound. Besides, the energy
dispersive x-ray (EDX) spectra confirmed the chemical compositions of TiO2-NTs with an atomic ratio of 1/2 ( Ti:O), which
indicates the development of TNTs with varying lengths and average diameters. Annealed TiO2-NTs were applied as
photoanode in a back-side illuminated dye-sensitized solar cell. The Full factor, FF of 0.436 ( Photoconversion efficiency 1,
0.51), was achieved for the TNTs photoanode prepared in the presence of ultrasound higher than DSSC with TNTs
photoanode fabricated in the absence of ultrasound.
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1. Introduction first of nanoporous TiO; thin film by the anodization

technique. Furthermore, the high ordered of TNTSs
Nanostructured titanium dioxide TiO2 has attracted arrays later synthesized in the hydrofluoride

significant research interest over the latter several electrolyte by the Gong et al[17]. These studies

decades owing to its possible uses in numerous
applications [1] such as [2], supercapacitors[3],
photocatalysts[4], and solar cells[5]. The TiO, one-
dimensional nanostructures can be synthesized by
using several techniques, for instance,
hydrothermal[6],  sol-gel[7], electrospinning[8],
freeze-drying[9], and anodization methods[10],[11].
Among these methods, anodization introduces some
of the advantages for example control of the
dimensions nanostructure, the simple fabrication, and
the possibility to synthesis the high ordered TiO;
nanotubes (TNTs) on the Ti substrate without using
the templates[12],[13]. TNTs can be synthesized by
the anodization method by using both organic and
aqueous electrolytes based on the fluoride
ion[14],[15]. Zwilling et al[16]. have reported the

encouraged a tremendous upsurge of interest in this
topic and meaningful adjustments and enhancements
of the nanostructure of anodized TiO,. Furthermore,
several studies have been offered of TNTs, Jin Zhang
and co-workers[18] have been prepared the TiO,
nanotubes films via the electrophoretic method on the
fluoride doped tin oxide (FTO) glass and study its
photovoltaic applications. The porous double-walled
TNTs via the ultraviolet- assisted anodization have
synthesized by the Ghafar Ali et.al[19]. Kyung and
co-workers [20] prepared different nanostructures of
TNTs by the hydrothermal method from the
industrial materials (P25) on the FTO glass and used
as photoanode in dye-sensitized solar cell (DSSCs).
In addition, the anodization technique has studied to
form TNTs on the Ti foil by several authors[21]-[25]
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at different voltage values in the various electrolytes
via the two electrodes system in the absence of the
ultrasound. The dye-sensitized solar cells have
received considerable attention in recent years owing
to the low cost of energy conversion and easy to
use[26]. The researchers on the DSSCs have focused
on optimizing the cell components, especially the
photoanode (TiO.) material and the redox electrolyte,
which is strongly related to the efficiency of the solar
cell[27],[28]. Recently, the fabrication of DSSCs
based on the vertical oriented of Titanium dioxide on
the Ti foil surface has been extensively utilized in the
anodization method in the solar energy scope
research[29],[30]. The present work investigates a
reliable strategy for fabricating the high order of
TiO2 nanotubes in the presence of ultrasound. The
anodization technique was used via a three-electrode
system to enhance the control of the internal current
passage and reduce the time of the process at a
constant voltage of 20 V. The energy conversion
assessed after assembling the dye-sensitized solar cell
with a counter electrode as graphene nanoplatelets
(GNPs).

2. Experiments Details

2:1 Chemical materials

Ammonium fluoride (NH4F), ethanol (CH3CH,OH),
N3dye (C26H16N6sOsRUSy), 1-butyl-3-
methylimidazolium iodide (CgHisINy), lithium iodide
( Lil), iodine(lz), acetonitrile (CHsCN), ethylene
glycol (C2HeO2) (EG), Titanium foil (Ti) with high
purity attend to 99.7% with thickness 0.25 mm, and
Fluorine-doped tin oxide (FTO) with a sheet
resistance of ~7 (/square were supplied from the
Sigma Aldrich Co. Ltd. Graphene nanoplatelet was
purchased from the Supermarket Company, U.S.A.
No further purification for the chemical materials
that used in the present work.

2:2 Instruments

The instruments that have been used in this study
were X-ray diffraction (XRD, Rigaku Miniflex - 600)
using a single-wavelength light 1.5104 A from source
Cu Ka with the use of nickel as a filter where the
range taken from the angles of deviation (20) in this
measurement is within the range (10-80) degree,
Field-Emission Scanning electron microscope ( JEOL
JSM -700F type of FE-SEM) at an applied voltages
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15,0 Kv with an energy dispersive X-ray
spectrometer, DC power supply from Phywe
company, ultrasonic bath HS-300 oscillating
frequency 40kHz, output of ultrasonic 200W, HP
type 3465B digital voltmeter multimeter, and the
Keithley 2400 type was supplied from Keithley
company to estimate the photocurrent-voltage
parameters, and Xenon lamp of the simultaneous
intensity of incident light (100 mW/cm?).

3:3 Preparation TiO2 nanotubes (TNTS)

The electrochemical anodization method was used to
prepare the high-order TiO2 nanotubes on the Ti
substrate. The ethylene glycol-based electrolyte
containing 1.5 ml H,O and 0.5 wt% NHiF was
prepared as the electrolyte solution, and a voltage of
20 V was applied in the presence and absence of the
ultrasound for 30 min. at 10 ‘C using three electrodes
system, as shown in Fig. 1. Besides, a reference
electrode was added as a Calomel to control[31] the
current values during the anodization process in
addition to the counter electrode (Platinum sheet) and
the working electrode as a Ti substrate. Before
conducting any test, it is necessary to treat the TiO2
foil in the ultrasonic bath by using acetone and
ethanol solvents, and then was rinsed with deionized
water and dried with nitrogen steam. The samples
were annealed and calcinated at 550 °C for 30 min.

Power supply

7
®
Cooling water out F "@“

Counter electrode (Pt)

N

Calomel ref. electrode

Ti foil substrate

Deposition solution

Coolingwaterin

— o o]

Ultrasonic generator

Fig. 1 Components three-electrodes technique.

3:4 Fabrication of NTs -DSSC

Firstly, the graphene nanoplatelet counter electrode
was prepared as the same method in our earlier
work[31-33]. The TiO2-NTs electrode was immersed
in N3 dye (1x10* molar in 20 ml of ethanol and
acetonitrile at 40 °C) for 24 h after being washed by
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water and ethanol and then dried by the nitrogen gas.
The electrolyte was prepared by adding some organic
additives to increase the stability of electrolytes such
as 0.4 M of 1-butyl-3-methylimidazolium iodide as
well as 0.1 M of lithium iodide and 0.04 M of iodine.
The solar cell is connected to the 1-V device after the
injection of electrolyte to estimate NTs/GNPs —-DSSC
parameters

3: Results and Discussion
3:1 XRD Analysis

As shown in Fig. 2, the XRD pattern of TiO, NTs
was prepared in the ethylene glycol electrolyte
cantinas of NHsF and H,O in the presence and
absence of ultrasound after being annealing at 550 °C
for 30 min. in the atmospheric oxygen. The anatase
phase, which is dominant in the crystal structure of
TiO, NTs, refers to the crystalline observed after
annealing, represented by three strong diffraction
peaks that correspond to the diffraction card indexed
(JCPDS 21-1572). According to the results, the TiO2
NTs in the presence and absence of ultrasound
displayed diffraction peaks at (25.15°, 37.69°,
47.86°), which can be attributed to the (101), (004),
(200) anatase crystal faces. Thus, Scherer
equation[34] was used to calculate the size of
crystalline TiO, NTs, and Bragg's equation[35] was
utilized to estimate the d-spacing at a specific Miller
index (101). The results exhibited the size of the
crystal and d-spacing 15.2 nm, 8.48 nm, and 3.53751
nm, 3.53314 nm in the presence and absence of the
ultrasound, respectively. It indicates the improved
crystallinity at larger crystal size (15.2 nm) of TiO;
NTs, which was enhanced by an increase in the
sharpening of Bragg peaks (101) and intensities.
However, it increased the d-spacing (3,53751 nm)
value. These results offer evidence of the influence of
ultrasound power on the fabrication of Titanium
dioxide nanotubes, which is inconsistent with other
works[36],[37] when doping the TIO>-NTs by the
heavy metals that leads to confusing the interstitial
sites of the TNTSs lattice. It is worth to note that the
high intensity of the TiO,-NTs peak reflects the
increased length of the nanotube, which is more
evident in the ultrasound effect (as we will explain in
the FE-SEM section), discrete peaks and papered
weak peak at 53.37° (105). Heat treatment at high
degrees can significantly increase TiO2-NT's
conductivity. Thus, conductivity is close to 10 p m™

Egypt. J. Chem. 64, No. 1 (2021)

for amorphous titanium dioxide nanotubes and about
10° p m* for its crystalline structure [38].
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Fig. 2 XRD for the standard diffraction pattern (a)
and annealed TNT/Ti arrays in the presence and (b)
in the absence of ultrasound (c)

3:2 FE-SEM/AFM observations

It is imperative to take and analyze FE-SEM images
to understand the formation of TiO, nanotubes. Fig.
(3a to 3g) reveal that the Titanium dioxide nanotubes
grew directly on Ti foil after the anodization in the
ethylene glycol electrolyte solution that contains
NHsF and H;O in the absence and presence of
ultrasound. It was observed that the fabrication
nanotubes were irregular and ordered in a high dense
via the intersection crossing of the structure of tubes
that is slightly unclear. It is difficult to obtain a
smooth surface to precipitate the excessive water and
high anodizing voltage, as suggested by
researchers[39],[40]. These precipitates need to be
removed from the TiO; surface electrode before I-V
measurements to facilitate the chemical adsorption of
N3 dye for impregnation inside the nanotubes by the
electrolyte. Thus, the cross-section exhibits that TiO,-
NTs have a length of 4.50 um and a tube diameter of
17.36 nm without the ultrasound waves and a length
of 7.09 um and a tube diameter of 21.24 nm in the
presence of ultrasound. It seems that wall thickness
was slightly thicker in the presence of
ultrasound. Fig. 3 (d) and (h) show the quantitative
analysis of the EDX spectra and chemical
compositions of TiO.-NTs. It can be seen that the
main elements were titanium and oxygen, and the
atomic ratio of Ti to O was equal to the stoichiometry
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of 1/2, indicating that nanotubes were obtained with
varying lengths and average diameters.

D1=7.09 jim A

Fig. 3 SEM images of TiO2-NTs arrays (a,e) top
view (scale bar= 2um; (c,g) pore diameter, (b,f)
cross-sectional view, and (d,h) EDX spectra in the
absence and presence of ultrasound waves,
respectively.

AFM is a technique commonly used to identify the
nature of the surface structure and its average
thickness. Hence, as shown in Table (1) and Fig. 4, in
the AFM analysis of the main factors for the
description of surface topography, including mean
roughness (Ra), root mean square roughness (Rq), the
third factor is the surface Skewness, which is denoted
by (Rsk). It is used to measure the distribution of the
heights and dips of the surface morphology. The
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negative value indicates that dips are more abundant
than the heights, and the positive value indicates the
opposite, which is characterized by an asymmetric
structure. The fourth factor is surface Kurtosis (Rku),
which can have three values. A value of 3 means that
data distribution is followed Gaussian curve, which is
called Mesokurtic. A value of less than 3 means that
the surface is plane, which is called Platykurtic, and
values larger than three reveal that there are more
peaks than dips, which is called leptokurtic[22] . As
shown in Table (1), Rky below 3 indicates a surface
in both cases despite the slight change. Rq and Ra
values are lower owing to the ultrasound effect on the
fabrication of the TiO, nanotubes, which is consistent
with a thickness value of 18.53 nm, as shown in

AT

Fig. 4 : Two- and three-dimensional AFM images of
TiO2 nanotubes (A) in the presence of ultrasound and
(B). in the absence of ultrasound.

3:3 Mechanism of TNTs and its performance in
the DSSC.

As shown in Fig.5, the current density versus time
curve of the transient response observed during the
anodization process in the ( EG/ NH4F / H,0 )
electrolyte in the presence and absence of ultrasound
waves.

It is exhibited in three different sections of the porous
oxide layer. At the beginning of the anodizing
process and in the presence of ultrasound, a rapid the
current intensity drops rapidly to the lowest value due
to high resistance to the oxide layer and ions
movements such as O2,0H",Ti*4, and F1.
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Table 1: The statistical roughness coefficients of samples prepared (A) in the presence and (B) in the absence of ultrasound

Vertical distance Rq Rk Rku R, (nm) Thickness (nm) Amplitude Factors
2.10 4.83 -0.311 1.92 5.61 18.53 A
151 5.80 -0.007 1.79 6.68 22.78 B

The high-resistance barrier layer is necessary to
maintain the process of oxidation. Hence, in the
presence of fluoride ions, the oxide layer (first
section) is drilled and the current suddenly rises to
the maximum value, leading to the growth of
porosity. This will reduce resistance of the layer
barrier (second section). When the current reaches a
steady-state, the titanium dioxide nanotube (third
section) is formed. The classical interpretation
owing to the speed of oxide formation at the metal
/oxide interface is equivalent to the rate of decay at
the oxide/electrolyte interface[41].

Titanium Foil

= (b) In the absence of ultrasound

TiO; Nanotubes

L

T T r T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
time ( sec.)

Fig. 5 Current density — time curve of anodized Ti
at 20 V for 30 min. (a) in the presence of ultrasound
(b) and in the absence of ultrasound in ethylene
glycol electrolyte solution of NH4F and H,O

current density ( Alcm?)
o
S

o
S

0.00

It has been displayed the increase in the total charge
density corresponds to the rise in fluoride
concentration. What can be concluded from the said
points is that the anodization voltage is one of the
most significant parameters pertaining to the TiO;
nanotube arrays and the morphology of surface
electrode also influence the ultrasound waves, as
shown in Fig. 5, when compared to curves that
describe the fabrication steps of nanotubes. In other
words, the curve at the third section remains
unchanged and enhances the growth porous on the
compact oxide layer in the absence of ultrasound. It
is due to retarding the fluoride anion migration
towards the Ti electrode in the electrolyte solution.
Nevertheless, the anions mobility has accelerated by
the sound vibration to promote the growth progress
of NTs-TiO, in highly ordered and oriented

Photocurrent density (majcm?)
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perpendicularly on the Titanium substrate and
enhanced the wall thickness of NTs-TiO2-Ns. These
explanations were corresponding with FE-SEM
images analyzed as aforementioned. Based on these
observations, 20 V appears to strikes the fit balance
with the use of ultrasound waves, which reduces
fabrication time to 30 min.

Fig. 6 and Table (2) display the electrical
parameters of the dye-sensitized solar cell. The
excellent conversion efficiency was observed in the
presence of ultrasound compared to its absence. It
uses the graphene nanoplatelets which is coated on
the FTO glass as the counter electrode.

L L
300 350 400 450 500

L L L L
0 50 100 150 200

250
Voltage (mV)

Fig. 6: J-V curves of NTs/GNPs-DSSC in the
ethylene glycol electrolyte in NH4F and H2O (a) in
the presence of ultrasound and (b) in the absence of
ultrasound at simulated sunlight (100 mW/cm?)

The low values of the short circuit current are
related to the high resistance of FTO glass substrate
coated by graphene nanoplatelets, which are
consistent with the series resistance values, as
shown in Table 2, as well the nature of nanotubes in
adsorbing the dye molecules when to compared to a
film of TiO, nanoparticles. Furthermore, the
photocurrent-voltage parameters such as open
circuit voltage (Voc), short circuit current density
(Jse), voltage at max power point (Vmpp), current at
max power point (Imgp), fill factor (FF) and cell
conversion efficiency (1) as well series resistance
(Rs) and shunt resistance were estimated from the J-
V curves, as depicted in Table 2.
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Table 2: Photocurrent — voltage parameters of dye-sensitized NTs/GNPs—DSSC at simulated sunlight (100 mW/cm?)

Electrolyte (anodization voltage and time) L:P?rg;h Diameter (nm) Jse (MA/CmM?) Voo (V) FF Refs.
EG/NH,F/H,0 (60 V for 12 h)° 18 100 7.2 0.65 0.45 [42]
EG/DMSO (60 V for 18 h)° 10 150 3.2 0.65 0.55
EG/NH,F/HF (120 V for2 h )® 18 150 31 0.63 0.62 [43]
EG/HF (120 V for2h)® 20 - 7.8 0.65 0.46 [44]
EG/NH,F/H;0 (60 V for 1 h)° 10 150 7.1 0.64 0.53
0,
EG/1.5mL _HZO/O.SWMJ NH,4F (20 V for 30 450 51.18 1.040 0518 01442
min.) in the absence of ultrasound
EG/1.5mL H,0/0.5wt% NH,F ( 20 V for 30 . This
min.) in the presence of ultrasound 7.09 65.57 2.336 0.500 0.436 work

3For the FF 0.144 and 0.436, the n equal to 0.08 and 0.51,respectively. P This refers to the use of the two-electrodes system without

the ultrasound.

The synthesis of TiO2 nanotubes in the presence of
ultrasound waves to fabricate the NTS/GNPs-DSSC
demonstrated improved performance compared to
other photoelectrode, with an overall conversion
efficiency of 0.510 to enhance attributes of the
conduction band[38]. Photocurrents can be affected
by the charge transfer, electrons injection rate, and
charge recombination process. Thus, the electron
injection rate depends on the position of LUMO in
the dye molecules as well as the conduction band of
TiO2 NT[45] . It was appeared to be a perfect match
between dye molecules (LUMO) and the
conduction band of TiO, NTs that reinforce the rate
of electron injection and so the overall DSSC
efficiency is more accurate. The impact of
ultrasound on the open-circuit potential was also
observed, and hence (Vo) value dropped in TiO;
TN electrode due to its association with the
conduction band edge[46] of Titanium dioxide
nanotubes.

4: Conclusion

In this work, Titanium dioxide nanotubes (TNTS)
arrays on Ti substrates were successfully fabricated
during the anodization technique by using three
electrodes system at a constant voltage of 20 V for
30 min in the ethylene glycol electrolyte cantinas of
NH4F and H2O in the presence and the absence of
ultrasound. It was found that the XRD
measurements were confirmed the dominant
Anatase phase with high purity in corresponding
with (101), (004), and (200) Miller indexes.
Furthermore, the results have indicated the
improved crystallinity at a large crystal size (15.2
nm) of TNTs that enhanced by an increase in the
intensity peak of (101). FESEM images showed the
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formation highly ordered of TNTs arrays of (7.09
pm) and (4.50 pm) lengths with the average
diameters of (65.57 nm) and (51.18 nm) with and
without ultrasound, respectively. AFM results
reinforced the FESEM data when the Rq and Ra
values have lowered due to the ultrasound effect on
the fabrication of TNTs and corresponding with the
thickness value of 18.53nm. In addition, the DSSCs
based on the as-prepared TNTs were fabricated and
investigated. So, TNTs films are appropriate to
severe as the photoanodes of DSSCs, the best full
factor of energy conversion efficiency of the DSSCs
achieves 0.436 under simulated sunlight of 100
mwW/cm?,
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