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Highly ordered TiO, nanotubes (NTs) were synthesized by electrochemical anodization than annealed at
different temperatures between 300 and 900 °C for 3 h. The elaborated NTs adhere well to the Ti substrate
over the annealing temperature range of 300-600 °C. The TiO, NTs morphology begins to gradually
evolve for temperatures up to 700 °C and approaches that of nanoparticles until the latter become
predominant at T above 800 °C. Reflection measurements show that the NTs present reflection of 7% at
600 °C, corresponding to the lowest band gap 2.59 eV. This can be related to the presence of the mixed
phase (Ti-TiO,,-TiO, ). The charge carrier density decreases from 2.34x 10! t0 3.61x 10*'* cmwhen
the annealing temperature increases, that accompanied by a reduction in the resistivity from 142.23 to
29.56Q.cm which is adequate to photo anode application.

In the recent years, nanomaterials attracted much interest due to
their excellent properties that allow them to be used in various
applications [1-10]. Among them, we find the titanium dioxide
and the TiO, nanotubes (TNTs) which are the most important
nanomaterials owing to their large specific surface area, low
charge carriers recombination, interesting properties such as
efficient conduction of electrons [11-17], excellent mechanical
strength, and highly oriented tubular structure. Thanks to these
properties, TiO, nanotubes can be used in numerous applica-
tions such as photovoltaic cells [18], photocatalysis [19], water
photoelectrolysis [20], Li-batteries [21], gas sensor [22]. Moreo-
ver, they have been investigated for DRAM (Dynamic Random
Access Memory) applications due to their high dielectric con-
stant and chemical and thermal stability [23-25].

TiO, is an n-type semiconductor having several crystal
structures especially the anatase, rutile, and brokite phases
[26]. The anatase phase is obtained at temperatures below
600 °C, which is suitable for applications such as solar cells and

photocatalysis while the rutile phase is dynamically stable at
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temperatures above 600 °C [27], which are used in photoelec-
trochemistry and as a white pigment [28] in cosmetics due to
its efficient light scattering.

Additionally, it is well established that as-synthesized nano-
tubes are amorphous [29, 30], and crystallizes after an anneal-
ing treatment. Indeed, amorphous phase transition to anatase
crystalline phase begins at a 280 °C temperature [31], while
anatase to rutile crystalline phases transition occurs in the range
of 500-1000 °C. This transition is more related to the presence
of impurities, size, shape, and experimental parameters for the
synthesis of nanostructures [31, 32].

Various methods are used for the synthesis of titanium
nanotubes namely the template-assisted [33] as well as electro-
chemical anodization [34] and hydrothermal [35]. Since that
Grimes [36] shown the electrochemical anodization method
allows to synthesis highly ordered and vertically oriented TiO,
nanotube arrays, it becomes a universal and effective prepara-
tion method. For these reasons and due to its simplicity, the
anodization method was employed in this work to grow the

TiO, nanotubes.
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Obviously, to apply TiO, nanotubes at different tempera-
tures, it was first necessary to know its thermal properties.
Although some studies assume phase stability up to 400 °C [37,
38], other results, on the other hand, do not allow to conclude
on its structural stability at high temperature [37-39].

It should be mentioned that in most of the previous work
dealing with TiO, nanotubes prepared via the electrochemical
anodization method, the annealing temperature is a key param-
eter to control the phase transition in TiO, nanotubes structures
which is interesting essentially in photovoltaic applications. In
fact, the efficiency of dye sensitized solar cell (DSSC) increased
by mixing TiO, phases [40, 41].

Therefore, it is very interesting to investigate phase transi-
tion and correlates them with the physical properties of TiO,
nanotubes. It is in this context that our contribution takes place.
Indeed, this work aimed to develop a mixture phases to reduce
the band gap of nanotubular TiO,. We opted for a heat treatment
of our samples in the range of 300-900°C. Compared to other
methods already used for the reduction of the optical band gap
of TiO,, such as the doping technique [42-47], heat treatment is
an alternative, simple, less expensive, non-toxic method, and can
be easily implemented. Recently, it is shown that the optimiza-
tion of annealing profile and temperature lead to considerable
enhancement on the TiO, properties [48-50]. Depending on the
properties of TiO, obtained, several fields of application will be
possible such as DSSC, hybrid, perovskite solar cells, and pho-
tocatalysis. The improvement of the properties of nanotubular
titanium dioxide (TiO,) allows increasing the efficiency of the
photo-anodes manufactured using this material by improving
simultaneously the photo absorption as well as the process of
charge transfer.

The evolution of optical, morphological, and structural
properties of TiO, nanotubes were studied, respectively, by the
diffuse reflectance spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD). The electronic density of
TiO, nanotubes was determined by electrochemical impedance
spectroscopy (Mott-Schottky plot) and the electrical resistivity
measurement of TiO, nanotubes was carried out using the four
points probe.

EDX analysis of TiO, nanotubes

Figure 1 displays the plan view SEM image and tilted of ther-
mally untreated titanium nanotubes (TNT) obtained by ano-
dization at 50 V for 2 h. this figure reveals that the titanium
nanotube arrays (TNTAs) are made up of highly ordered and
aligned nanotubes. The nanotubes have a mean inner diameter,
a wall thickness, and a length of, respectively, about 193 nm,
31 nm, and 2.15 um as can be seen (Fig. 1a and b).
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Chemical composition of titanium and titanium nanotube
substrates was analyzed using the EDX technique. Figure 1(c)
shows energy dispersive X-ray spectra of titanium substrate and
TiO, nanotubes thermally treated at 500 °C for 3 h [Fig. 1(d)].
It shows that Ti foil is only composed of Ti [Fig. 1(c)], while
TiO, nanotube substrate is constituted of Ti and O [Fig. 1(d)].
The latter result can indicate the formation of TiO, nanotubes.
The absence of some undetectable elements coming from the
electrolyte like sodium, fluorine, and hydrogen ions indicates
a good rinsing with deionized water that was performed. It is
difficult to determine the Ti/O concentration ratio due to the
difficulty of precisely separated the O and Ti peaks located at
0.51 keV and 0.48 keV, respectively.

Effect of temperature on morphological structure
of TiO, nanotube

To evaluate the influence of the thermally treatment temperature
on the surface morphology of TiO, nanotubes, SEM observa-
tions were performed.

Figure 2 shows the evolution of the morphology of sam-
ples with the thermal treatment temperature from 200 to
1000 °C for 3 h. The SEM images show that the morphology
of the TiO, nanotubes is clearly influenced by the annealing
temperature, especially when crystallization is performed at
T =700 °C [Fig. 2(f-i)]. Indeed, it can be noted that annealing
at temperatures in the range of 200-600 °C doesn't lead to sig-
nificant change except that the walls of tubes become thinner
[Fig. 2(a-e)]. However, at annealing temperatures upper than
700 °C, the morphology significantly change so that the nano-
tubes collapse from 800 °C as can be seen in the [Fig. 2(g-i)].
These results are very important since the tubular form were
successfully kept until temperatures as higher as 600 °C. Indeed,
Jaroenworaluck et al. observed that TiO, nanotubes collapse
after annealing at 500-600 C [51]. Also Pham Van Viet et al.,
shows that the titanium nanotubes still keep a tubular morphol-
ogy at 300 °C and they undergo gradual change into nanopar-
ticles, which disappear completely in the range of 400-500 °C
[52]. Scheme 1 shows the change in theTiO, nanotubes mor-
phology with increasing temperature.

Raising the temperature further to 700 °C, the nanotubes
became very fragmented, which is in agreement with the lit-
erature where it is stated that thermal treatment creates micro-
scopic cracks in the films of the TiO, tubes [53-55] which leads
to its taking off. After heat treatment of the detached layer of
nanotubes at the temperature of 800 °C, the degradation caused
by thermal cracking and collapsing of the tubes Fig. 2(g), indi-
cating the limiting of thermal stability at this temperature.

From Fig. 2(h), it can be observed that the nanotubes were
completely degraded after thermal treatment at 900 °C. They are

melted into nanoparticles [56, 57] with a diameter between 80
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Figure 1: (a) Plan and (b) tilted view SEM images of TiO, nanotubes obtained by anodization at 50 V for2 h in an ethylene glycol solution and EDX
spectra of: (c) Ti substrate, (d) substrate of TiO, nanotubes annealed at 500 °C for 3 h.

and 349 nm. Above 900 °C, the TiO, nanotubes layer becomes
in the form of a porous powder. The size of these nanoparticles
decreases by rising the temperature from 900 to 1000 °C as can
be seen in [Figs. 2(h and 1)].

X-ray diffraction (XRD) studies

To clarify the influence of thermal treatment temperature on
the structural propriety of TiO, nanotubes, the XRD technique
was used to identify and determine the phase structure and the
crystallite size for each annealing temperature. Figure 3 com-
pares the XRD patterns of TiO, nanotubes arrays sintered in air
for 3 h at various temperatures: 300, 400, 500, 600, 700, 800, and
900 °C. The diffractogram of TiO, nanotubes without annealing
was also obtained which was used as reference.

It can be observed that the XRD diffractograms of sample
annealed at 300 and 400 °C, exhibit only diffraction peaks of
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titanium substrate, indicating that the TiO, crystalline phases
don’t formed. This does not eliminate the possibility of forma-
tion of the TiO, amorphous phase, i.e., TiO, nanotubes; this to
be consistent with the SEM results [58-64]. At higher annealing
temperatures, the XRD patterns reveal the presence of charac-
teristics peak of anatase and rutile phases. However, the peaks
corresponding to anatase phase disappear at temperatures above
600 °C. These results allow to suggest that the titanium nano-
tubes start to crystallize from the thermal treatment temperature
of 500 °C with a anatase phase, this because of apparition of
peaks at 20=25°. However, At 600 °C the XRD shows the pres-
ence of a small portion of the rutile phase in addition to a Ti
phase (Ti-TiO,(A)-TiO,(R)) (Fig. 3). After annealing at 700 °C,
all TiO, nanotube structures are converted into a single-phase
namely rutile. In addition, it can be seen that the Titanium dif-
fraction peaks disappear at 800 °C. Overall; these results are in
agreement with those of the literature. Indeed, it was reported
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Figure2: SEM images of TiO, nanotubes after annealed in air for 3 h at: (a) 200 °C, (b) 300 °C, (c) 400 °C, (d)500 °C, (e) 600 °C, (f) 700 °C, (g) 800 °C, (h)
900 °C, and (i)1000 °C.

Amorphous TNTA TNTA (anatase and/or rutile
phase)

Annealing at
200°C =T < 600°C

Ti foil

Anodic
T =700°C
Annealing
900°C<T=

TiO2
nanoparticles

TNTA layer detached
from the substrate

Scheme 1: The TiO, nanotubes fabrication procedure and the influence of temperature on their morphology.

in the literature that the anatase phase starts to create at 280 °C ~ within 620° and 680 °C [65]. A similar behavior was also stated
and the TiO, nanotubes thermally treated at 250 °C was amor- by several authors, and they suggested that the Ti is oxidized
phous and the full transformation to rutile phase occurred  quickly and converted into rutile phase at high temperature [66,
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Figure3: X-ray diffraction diffractograms of the as-prepared and thermally treated of TiO, nanotubes between 300 and 900 °C.

67]. Also, Gopal et al. [68] show that the nanotube stability is
within the range of 550-600 °C. Since then, other works shown
it is between 600 and 800 °C. This slight difference between the
published results and also with our results is due to the differ-
ence in the experimental conditions, including the anodization
parameters [68-72] and the duration of the heat treatment.

As can be observed in Fig. 3, the rise in the thermal treat-
ment temperature from 600 to 900 °C gives rise to the increase
in the intensity of the peaks of the rutile phase which is ascribed
to the improvement in crystallinity.

The mean crystallite size could be calculated from the values
of the full width at Half-Maximum (FWHM) of the diffraction
peak of plan (110) using the Scherrer formula [73, 74]:

A
=K.
BcosH

(1)

with d is the crystallite size in angstroms (A), 3 is the broaden-
ing of the diffraction peak determined at half of its maximum
intensity, A is the X-ray wavelength (1.54060 A), and 0 is the
diffraction angle.

The obtained value of crystallites size of anatase is 15.2 and
17.6 nm for the temperature of 500 and 600, respectively. For
the rutile phase, the values of the crystallites sizes are 42.4, 53.4,
60.1, and 70.2 nm for the temperatures of 600, 700, 800, and
900 °C, respectively.

It can be seen clearly that the crystallite size of both anatase
and rutile phases increases with thermal treatment temperature
which is in agreement with the literature [75]. This behavior
can be attributed to the collective fusion process of small grains
into large grains, which becomes more accentuated for higher

temperatures since they provide more energy to accelerate the
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growth of crystal grains [76]. This may also explain the increase

in the rutile phase content with the calcination temperature.

Effect of annealing temperature on the optical
properties of TiO2 nanotube

To determine the dependence of bandgap energy on tempera-
ture, we have investigate the diffuse reflectance spectroscopy
of a TNT film annealed at different temperature. In Fig. 4, we
present the diffuse reflectance measurements by varying the
temperature from 300 t01000 °C and Kubelka-Munk function
F(R) was applied to compute the direct energy bandgap, as given
by Eq. (2) [77-79].

(1-R)?

2R @

F(R) =

As one can observe that the nanotubes annealed at 600 °C
present a lowest value of reflectivity of 7% in the visible region
which is due to a better absorption of UV photons. This result
is important as it can lead to generate more electron-hole pairs
[80]. No oscillations (interference fringes) are observed for this
sample, which can be related to a more homogenous chemical
composition at 600 °C. Above this temperature, the intensity of
the interference fringes also increases.

The band gap is one of the most important parameter of
a material when it is being studied for opto-electrical applica-
tions. The optical tuning of the band gap to meet the specific
requirements of a given application largely defines the effective
use and suitability of the material for the application in ques-

tion. We therefore studied the respective band gaps of anodized
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Figure4: Diffuse reflectance of anodic TiO, nanotubes annealed at
different temperature.

TABLE1: Band gap valueasa

function of temperature deduced Température (°C) Gap (V)

by Kubelka Munk plot. 300 335
500 3.23
400 3.07
600 2.59
700 3.14
800 3.15
900 3.26
1000 3.1

and annealed samples and analyzed the corresponding changes
as a function of the key experimental parameter (temperature).

Figure 6 displays (F(R) hv)? vs. hv diagram for TiO, nano-
tubes annealed at different temperatures. The direct energy band
gap (Eg) can be evaluated by supposing a straight-line section of
the (F(R) hv)? to pass across the hv axis.

The evaluated band gaps of anodized and annealed nano-
tubes are shown in Table 1 and Fig. 5 shows the corresponding
graph of this value.

The measured optical gap value (Table 1) decreases [81,
82] as the annealing temperature of the samples increases up
to the temperature of 600 °C which corresponds to the lowest
band gap value of 2.59 eV, resulting in a better energy absorp-
tion of the sample at this temperature. The remarkable decrease
of the gap can be related to the presence of the mixed phase
(Ti-TiO,(A)-TiO,(R)). In our knowledge [80-87] none of the
works published in the literature has linked this strong decrease
in the optical gap to the presence of the (Ti-TiO,(A)-TiO,(R))
phase, more precisely the presence of the Ti phase in the sample
annealed at 600 °C. Beyond 600 °C the gap value increases again
with increasing temperature and reaches the value of 3.26 eV at
900 °C which can be related to the disappearance of the Ti phase

and the increase of the rutile portion.
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At 1000 °C a decrease of the optical gap is observed again,
which can be related to the decrease of the grain size.

Resistivity measurement

The electrical performance of device depends mainly on the
used material resistivity in its fabrication. Therefore, it is impor-
tant to know beforehand the electrical resistivity of the mate-
rial. Among the methods used to measure this parameter is the
four-point method. In this work, we used it to measure the sheet
resistance of the prepared TiO, nanotubes and annealed at vari-
ous temperatures.

The sheet resistance is the ratio of the voltage drop (V)
measured between the two internal probes to the applied current
(I) at two external probes multiplied by a geometric correction

factor, according to the following equation:
\4
Ry = K(7) ©)

where R is the sheet resistance and k is a geometric factor which
is 4.53 for a semi-infinite thin sheet. The resistivity of a layer is
obtained multiplying the Rs by its thickness.

Figure 6 illustrates the change of the resistivity of layer of
TiO, nanotubes determined by the four-point method as a func-
tion of thermal treatment temperature. Each resistivity value
displayed in the figure is the average value and the estimated
error is about 5x 107> Q.cm. It can be seen that the resistiv-
ity reduces from 95.23 to 29.56Q2.cm when the thermal treat-
ment temperature increases from 200 to 800 °C, respectively.
However, in the range of 500-600 °C, the resistivity decreases
less quickly from 63.33 to 55.23 Q.cm. The decrease in resistiv-
ity with the increases of thermal treatment temperature can be
ascribed to increment in particle size which leads to a decrease

in grain boundaries [88].

Electronic characterization (Mott-Schottky analysis)

Mott-Schottky analysis was extensively used to investigate and
characterize the semiconductor material properties [89-91].
It consists to measure the variation of electrode capacitance
(C) versus applied potential (E).The variation of the inverse of
square capacitance (C) versus applied potential (E) is a straight
line under depletion conditions. For an n- or p-type semicon-
ductor, it is as follows [92, 93]:

1 2 KT ,
—=—+|E—Ep— — for n type semiconductor
Csce eegoNp e

4)
L 2 E—E KT f t i duct
—=—-——"__(E—- — — |for e semiconductor
Cgc eceoNp FB e pop

(5)

www.mrs.org/jmr

2023

Journal of Materials Research



\\\\

©The Author(s), under exclusive licence to The Materials Research Society 2023

Journal of
MATERIALS RESEARCH

16000 4 |——300°C

14000
12000

10000

(F(R) hv)*(eV)?

8000
6000
4000
2000

04

IN)

hv(eV)

[

8000

500°C|
7000
6000
5000
4000

3000

(F(R) hv)? &v)

2000

1000

-1000 +f
3

12000

4
hv(eV)

o

700°C

10000

(F(R) hv)2(ev)’

8000
6000
4000
2000

0

hv(ev)

)

I N
(@}

7000 900°

6000

5000

4000

3000

(F(R) hv)2(evy?

2000

1000

w

hv(eV)

<

=3

(F(R) hv)2ev)

2

(F(R) hv)’ (eV)

(F(R) hv)2 (ev)?

(F(R) hv)2(ev)?

3500

3000

2500

2000

1500

1000

500
0

3500

w

hv(eV)

3000

2500

2000

1500

1000

500

——600°C

N

12000

T T
4 5 6

hv(eV)

10000

o
1

7000

6000

5000

4000

3000

2000

1000

IN) N @ ®
o o =] o
S S S S
S S S S
1 1 1 1

w

hv(eV)

——1000°C

L

w

hv(

eV)

Figure 5: Kubelka Munk plot of the anodic TiO, nanotubes annealed at different temperatures.
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where e is the charge of electron (- 1.602 107'° C), N, is the
concentration of electron donor for an n-type semi-conductor
or hole acceptor concentration for a p-type semi-conductor, ¢ is
the dielectric constant of the passive film, £,(=8.854 10~* F/cm)
is the vacuum permittivity, k(= 1.38 1072 J/K) is the Boltzmann
constant, E is the applied potential, T is the absolute tempera-
ture, and Egy is the flatband. The term kT/e can be neglected
because its value is just around 25 mV at room temperature.

In this study, the measurements were conducted in 0.05 M
H;B0;-0.075 M Na,B,0,-H,O electrolyte in the potential range
of —1-0.8 V/SCE. Mott-Schottky curves were plotted by taking
the values of the capacitance determined by impedance meas-
urements at a frequency of 2 kHz and at various potentials [94].
A Mott-Schottky model, considering the morphology of nano-
tube arrays, was used to evidence the effect of temperature on
carrier density (Np) of TiO, nanotubes. The details of this model
can be found elsewhere [95].

Figure 7 displays Mott-Schottky plots of TiO, nanotubes
formed in ethylene glycol at 50 V for 2 h and annealed for 3 h at
different temperatures: 200,300,400,500,600,700, and 800 °C. As
it is difficult to discern the plots when they are together in the
same figure, they are represented separately.

Opverall, all Mott-Schottky plots display the same behavior
but with different slopes and amplitudes. A linear variation of
C™2versus E can be seen in the range of 0.3-0.6 V/SCE for all
plots. The slopes of these plot portions are positive, which is
coherent with n-type semiconductor comportment. The appear-
ance of a peak in Mott-Schottky plots [Fig. 7(f and g)] indicates
the semiconductor type inverses from n-type to p-type when the
applied voltage exceeds the peak value [94].

According to Eq. (3), the donor density can be determined
from the slope of the 1/C? versus E, and the flat band potential
(Egp) can be evaluated by extrapolation of the linear portion to
1/C*=0. A value of & = 120 was used for the determination of

Np, which is the average of several literature values [95-97]. It

©The Author(s), under exclusive licence to The Materials Research Society 2023

can see that the semiconducting properties of TiO, nanotubes
are modified by the annealing temperature. The estimated values
of the electron density (N,) and flat band potential (Epg) are
listed in Table 2.

Table 2 shows the variation in the density of donors of TiO,
nanotubes and flat band potential versus thermal treatment
temperature. One can note that the density of donors decreases
from 2. 34 10**! to0 3.61 10" cm™ when the thermal treatment
temperature rises from 200 to 800 °C, respectively [97]. Since
the titanium interstitials and the oxygen vacancies are electron
donors for TiO, [89-92], the decrease in charge carrier density
can be ascribed to the reduction of defects present in the mate-
rial [97]. However, the values of flatband potential (EFB) takes
increasingly more negative values with increasing of annealing
temperature: from— 0.22 V at 200 °C to — 0.61 V at 800 °C. This
behavior may be due to the removal of species introduced into
the layer of TiO, nanotubes during electrochemical anodiza-
tion [98].

In summary, well-ordered TiO, nanotube arrays were synthe-
sized by anodization of Ti in an aqueous solution of NH,F and
ethylene glycol at 50 V for 2 h. The influence of annealing tem-
perature on the optical, morphological, structural, and electrical
properties of the TiO, nanotube arrays was studied. It was noted
that TiO, nanotube arrays present a low reflection of (7%) at
600 °C which corresponds to the lowest optical band gap value
of 2.59 eV. It could subsist stably until at temperatures below
700 °C. More rising annealing temperature would lead to the
collapse of nanotubes related to phase change from anatase to
rutile and right from Ti to rutile, indicating the limiting ther-
mal stability at this temperature. As the annealing temperature
reaches to 900 °C, the whole nanotubes converted into the nano-
particles matrices.

The XRD diffractograms of the TiO, nanotubes showed
that they are amorphous for annealing temperatures of 300 and
400 °C. Only the anatase phase was detected at the annealing
temperature of 500 °C. The mixture of anatase and rutile phases
was detected in the temperature range of 600-700 °C. Exceed-
ing 700 °C, all TiO, nanotubes are converted in to single-phase
of TiO, rutile. The change from amorphous-to-polycrystalline
nature occurs after annealing at 500 °C. The samples thermally
treated at 600 °C possess a mixture of phases (Ti-TiO2 anatase-
TiO2 rutile). At this temperature, the correlation between the
different properties has been reported, in fact, the nanotubes
are intact and reveals improvement in absorption efficiency
in the visible range with a very low value of the optical band
gap of 2.59 eV, which is related to the presence of the mixed
phase (Ti-TiO,(A)-TiO,(R)). This allows us to consider TiO2

nanotubes as photoanode used in optoelectronic components
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Figure7: Mott-Schottky curves of TiO, nanotubes thermally treated at various temperatures as indicated in the figures. The analysis were performed

using a borate buffer electrolyte.
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TABLE 2: Semiconducting properties of oxide barrier films deduced from
linear portions of the M-S plots of Fig. 7.

Annealing temperature (°C) Egg (V/SCE) Np (cm™)
200 -0.22 2.34x10"%
300 -0.29 4.02x10*%0
400 -032 5.91x 10"
500 -042 5.70x10*18
600 -0.54 2.03x10*"7
700 -0.58 463x10%"°
800 -061 3.61x10""3

manufacturing and photocatalysis. After 700 °C, all the TiO,
nanotubes are converted in to the single-phase of TiO, rutile.

The adjustment of annealing temperature can optimize the
electrical performances of TiO, nanotubes. The thermal treat-
ment effectively enhances the conductivity of TiO, nanotubes
layers and reduces their resistivity due to the increase in parti-
cle size. Conductive TiO, nanotubes can improve the electron
transport to external circuit, thus increase the efficiency of dye
sensitized solar cells. Moreover, it was found that the electronic
density is reduced with increasing annealing temperatures, from
2.34x10"" cm™ at 300 °C to 3.61 x 10" cm ™ at 900 °C which
is related to the decrease of defects present in the material.

The elaborated TiO, NTs structures have a great potential
for improving the performances of dye sensitized solar cells and
other types of photovoltaic cells such as hybrid, organic-inor-
ganic, or perovskite solar cells.

For the anodic growth of nanotubes, we used the titanium foils
of 99, 7% purity and 1 mm of thickness. Moreover, to obtain
mirror-like surface, we mechanically polished the titanium with
abrasive Sic grains. After that, they were cleaned by sonication
in acetone, ethanol, and deionized water for 15 min each, and
then they were dried under a gentle stream of N,.

TiO, nanotubes were obtained by anodization using a two-
electrode setup cell. The Pt and a Ti foil (exposed area: 1 cm?)
were used as cathode and anode, respectively. A DC power
source was used to apply a constant voltage of 50 V for 2 h
between both electrodes.

The electrolyte used was composed of NH4F and Ethylene
Glycol purchased from Sigma-Aldrich at room temperature
(20 °C) [99-102]. The concentrations of deionized water and
NH,F were 3% and 0.3%, respectively. The distance between
the two electrodes was set to about 1 cm. All samples of TiO,
nanotubes were thermally annealed for 3 h under air environ-
ment in a tubular furnace. The annealing temperature range

was 200-900 °C and the increase from room temperature to the

©The Author(s), under exclusive licence to The Materials Research Society 2023

annealing temperature was performed with a 5 °C/min heating
rate.

The electronic properties of TiO, nanotubes were studied
by the electrochemical impedance spectroscopy (EIS) using an
Autolab PGSTAT-30 potentiostat/galvanostat driven by FRA
4.9 software, operating over the frequency range of 100 kHz—
0.01 Hz. An ac voltage of amplitude 10 mV was applied to the
working electrode. A classical cell with three electrodes was
used; where a saturated calomel electrode (SCE), Pt plat, and
anodized Ti foil were used as reference electrode, counter elec-
trode, and working electrode, respectively. A borate buffer solu-
tion (0.05 M H;B0O;-0.075 M Na,B,0,-H,0) with pH 9.2 was
used as electrolyte.

All experiments were performed at room temperature
(22+2 °C), while the scan rate was of 1 mV/s in the range of
1-1.5 V. The prepared TiO, nanotubes were analyzed using vari-
ous characterization techniques. X-ray diffraction (XRD) diffracto-
grams were recorded using a Bruker D8 Advance X-ray diffractom-
eter with CuKa (A =1.54 A) radiation as the source over a 20 range
of 10-80°. The morphology of the prepared samples was examined
with a SEM (XL30 ESEM), equipped with an EDX (energy disper-
sive X-ray spectroscopy), which was used to estimate the chemical
composition. A UV-Visible spectrometer Evolution 220 is used for

measuring the diffuse reflectance of our samples.
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