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Abstract

Titanium dioxide (TiO,) is an exclusive system to study the nanoscale phenomenon due to its unique optical and electrical
properties and, also, for its promising future applications. In this paper, three different samples of TiO, are synthesized using
different acidic concentrations in synthesis reaction, and subsequently, comparison has been made among them. Hydrothermal
method is used for synthesis of TiO, nanoparticles and nitric acid (HNOs) is utilized for controlling the acidic concentration.
Characterization techniques like X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible spectroscopy
and photoluminescence (PL) spectroscopy are employed to study the structural, morphological and optical properties of
resulting nanoparticles. XRD analysis shows that increase in HNO; concentration resulted into enlargement in size of TiO,
nanoparticles. Hydrothermally synthesized nanoparticles showed different morphologies (i.e., nanoflakes, nanotubes, and
nanoparticles) at different concentrations. Also, the band gap energy of samples is affected by the change in acidic concentra-

tions wherein TiO, nanoparticles of smallest size exhibit the largest band gap when compared with other two.
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Introduction

In recent times, nanomaterials-based research has got huge
attention due to their distinctive and impressive optical
and electrical characteristics as compared to their bulk
counterparts. Nanomaterials provide extensive informa-
tion about optical and electronic structure using optical
methods. Semiconducting nanocrystalline materials offer
potential applications in various fields like heterogeneous
photocatalysis, sustainable energy, nonlinear optics, etc.
One such material gaining wide interest among research-
ers is titanium dioxide (Ti0O,). TiO, first gained attention
in 1972 after Fujishima discovered photolysis of water
on crystal titania (TiO,) electrode (Wahyuningsih et al.
2014). It basically exists in three forms: rutile, anatase
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and brookite. Among these, anatase is being studied more
than the other two as it offers indirect band gap whereas
rutile and brookite belong to direct band gap semiconduc-
tor category. The unique properties of TiO, include its
chemical and biological inertness, stability, abundancy,
non-toxicity, cost effectiveness and high photocata-
lytic activity (Verbruggen et al. 2014). TiO, has gained
immense amount of attention for its photocatalytic activi-
ties, as it has tremendous potential for such applications
as in environmental refinement, carbonic acid gas (H,CO5)
decomposition, and hydrogen gas generation (Binas et al.
2017; Dhayal et al. 2007). However, TiO, has two major
drawbacks: its large band gap and its high recombination
rate. These drawbacks limit its photocatalytic activities to
UV region only. Many efforts have been aimed for acquir-
ing the TiO, nanoparticles with high performance and
large surface area. Controlling the size of semiconduct-
ing nanoparticles and, consequently, their physical and
chemical properties is a crucial issue to probe the novel
properties of materials in nanotechnology. There are vari-
ous methods utilized for preparation of TiO, nanoparticles
including hydrothermal method (Azeez et al. 2018), sol gel
method (Azeez et al. 2018), solvothermal method (Moura
et al. 2014), etc. These synthesis methods are capable to
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provide TiO, particles of very small size, even in hun-
dreds of nanometers. Among these methods, hydrothermal
method is a low temperature technique used for controlled
growth of nanocrystalline titania particles and is broadly
accepted for industrial synthesis of ceramics. It depends
on ample heating of nanoparticles mixed over an aqueous
solution and requires an autoclave setup for the process.
Hydrothermal method, being solution based, minimizes
the tedious paste preparation steps by dissolving needed
reagents before heating, promising flexibility in the proce-
dure. Thus, TiO, nanoparticles are anticipated to be easily
produced and to be offering qualities like stability, adher-
ence and high photocatalytic activity (Zhang et al. 2002).

Different parameters such as reaction time, reaction
temperature, calcination temperature, and reaction pH
affect the different properties of TiO, like morphology,
optical and electronic characteristics. Seo et al. treated
TiO, nanoparticles at different hydrothermal temperatures
and witnessed phase transformations at different tempera-
tures (Seo et al. 2008). The pH variation is one of the most
important aspects to study the properties and capabilities
of TiO,. Nasikhudin et al. showed that the photocatalytic
activities show variations when the medium changed from
acidic to neutral to basic (Nasikhudin et al. 2018). In the
present work, we have synthesized TiO, nanoparticles via
hydrothermal route at different pH conditions where HNO,
in the solution reaction is used as the basis of pH study.
Changes in structural properties along with change in band
energy have been witnessed at different acidic concentra-
tions, which are studied and evaluated using characteriza-
tion techniques.

Experimental details
Chemicals used

Titanium dioxide (TiO,) powder (98% pure), sodium
hydroxide (NaOH) pellets (97% purity), acetone, deion-
ized (DI) water, and nitric Acid (HNO,) are procured and
used as obtained without additional refinement.

Fig.1 Formation of Sodium-
Titanate
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Synthesis

Synthesis process used in this paper is basically divided into
three parts:

In stage 1, 10 M of NaOH pellets are dissolved in 80 mL
of DI water under magnetic stirring for 30 min. Then, 2 g
of TiO, is added into the solution and the resultant solution
is stirred for 1 h to get uniform and homogenous solution
(Fig. 1). The resulting solution is placed in hydrothermal
reactor for 20 h at 200 °C in 100 mL Teflon lined stainless
steel autoclave. After cooling at ambient temperature, sam-
ple is filtrated and washed several times with large amount
of DI water and, then, put for drying at 80 °C for 12 h. The
sample is then grinded with mortar pestle to obtain sodium
titanate.

In stage 2, resulting powder then suspended in 0.1 M
HNO; and put for magnetic stirring for 6 h. Finally, the
resulting solution is filtered and washed repeatedly with
ethanol and DI water until pH became neutral and, then, put
for overnight drying at 80 °C for 12 h. (Fig. 2).

In stage 3, resulting sample from stage 2 is suspended in
different concentrations of HNO; and, then, transferred into
next hydrothermal treatment at 200 °C for 20 h. After that, it
is filtered and dried out for 12 h. Further, sample is grinded
in mortar pestle to obtain uniform powder sample. Differ-
ent concentrations of HNOj; are used in this paper for pH
study. This reaction process is illustrated in Fig. 3. The final
product obtained is labeled as TiO,-1, TiO,-2 and TiO,-3
for concentrations of HNO; of 107* M, 1072 M and 10~! M
in second hydrothermal process.

Characterization

The powder X-ray diffraction (XRD) is performed using
Rigaku Miniflex II X-ray diffractometer with an incident
Ni-filtered Cu Ka radiation (1=1.54 A). Scanning electron
microscopy (SEM) is done using JEOL JSM-6390 JV scan-
ning electron microscope (SEM) for studying the size of
synthesized product and its morphology. FTIR characteri-
zation is carried out using the BRUKER spectrophotometer
for analysis of functional groups in the sample. The UV-vis
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Fig.2 Midway process for
formation of Titanium nano-
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absorption spectrum is recorded with the help of UV-visible
Lambda 650 Spectrophotometer (PerkinElmer), and photo-
luminescence (PL) spectrum is noted at room temperature
using SHIMADZU RF-530 Spectrofluorometer with a Xe
lamp for the analysis of optical properties.

Results and discussion
X-Ray diffraction (XRD)

Figure 4 represents the XRD characterization for TiO, nano-
structures prepared at various acidic concentrations. The
peaks at 25.35°, 36.9°, 37.9°, 38.5°, 47.9°, 53.9°, 62.04°,
62.65°, 68.6°, 70.2° and 75.02° can be attributed to the
(101), (103), (004), (112), (200), (105), (211), (204), (116),
(220) and (215) which corresponds to the crystal phase
of the anatase structure (JCPDS No. 894921). This graph
shows that the peak intensity increases with the concentra-
tion of HNOj in the final product. The intense and sharp
diffraction peaks indicated its crystalline structure in TiO,-2
and TiO,-3. The broad peaks suggest that the particles are
semi-crystalline in nature or are of very small crystalline
size (Yeh et al. 2004). We can also conclude that TiO,-1 had
broader peaks than TiO,-2 and TiO,-3, notifying its smaller
size than the other two. Similarly, TiO,-2 was smaller in size
than TiO,-3, as it is showing broader peak when compared
to another. The crystallite size of the TiO, nanostructures

3. Nanoparticles
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50
Angle(20)

Fig.4 XRD pattern for a TiO,-1 (10 M HNO,); b TiO,-2 (10> M
HNO5); and ¢ TiO,-3(10”" M HNO,)

is determined using Debye’s Scherer equation (Mustapha
et al. 2021);

D=092A4/p cos 8 (1)

where D is the crystallite size, 4 is the wavelength of X-ray, 6
is the Braggs angle in radians, and f is the full width at half
maximum of the peak in radians. Crystallite size for TiO,-1,
TiO,-2 and TiO,-3 is found to be 6 nm, 11 nm and 20 nm.
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The synthesized TiO, nanostructures are of tetragonal phase
with the lattice constants a=b=3.7 and c=9.5.

Scanning electron microscopy (SEM)

SEM images for as-synthesized samples are illustrated in
Fig. 5a—c. It is observed that morphologies of obtained
sample are affected by the pH of solution. As the acidic
concentration increased from TiO,-1 to TiO,-2 to TiO,-3,
the resulting structures changed from nanoflakes (Fig. 5a)
to nanotubes (Fig. 5b) to irregular shaped nanoparticles
(Fig. 5c¢). Increase in pH resulted into the agglomeration
in resulting samples, which can be mainly due to electro-
static repulsive forces or Van der Waals attractive forces. In
hydrothermal formation of TiO, nanoparticles in concen-
trated NaOH aqueous solution (in step a), it is found that the
resultant samples are sensitive to acid. Xu et al. (Xu et al.
2010) also noticed the same behavior in his study where he
got the formation of nanoparticles from nanotubes occurring
at higher acidic concentration. From these results, it can be
deduced that pH plays a significant role in controlling the
morphologies of nanostructures.

Fourier transform infrared spectroscopy (FTIR)

FTIR is a preferred method of infrared (IR) spectroscopy.
FTIR spectrum for obtained sample denotes the molecu-
lar absorption and transmission, which can be used for
creating the molecular fingerprint of the sample. Figure 6

Fig.5 SEM characterization
for a TiO,-1; b TiO,-2; and ¢
TiO,-3
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Fig.6 FTIR characterization of TiO,

represents the FTIR spectrum for the synthesized sample.
The sharp bands from 500-1000 cm™" can be assigned to
Ti—O bonding (Tabbiche & Aouinti., 2022), where the peak
near 650 cm™! is due to Ti—O bonding and the peak near
800 cm™" is present because of the O-Ti—O bonding (Khan
et al. 2021). The peak present at 1662 cm™! can be related
to the water molecule bending mode (Tripathi et al. 2013)
and the corresponding band from 3000-3550 cm™' repre-
sents the interacting hydroxyl groups which attributed in
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hydrogen bonding and molecular water coordinated to Ti**
ions (Govindhan and Pragathiswaran., 2016). With increas-
ing acidic concentration, decrease in peak intensities is wit-
nessed suggesting that the amount of functional group asso-
ciated with the molecular bond is decreasing in the order:
TiO,-1 > TiO,-2 > TiO,-3 (Simonescu, 2012).

Photoluminescence spectroscopy (PL)

Figure 7 shows the PL spectra for as-synthesized TiO, nano-
particles at the excitation wavelength of 325 nm. The exci-
tation wavelength of 325 nm is analogues to the band gap
energy of 3.81 eV which is greater than the band gap of TiO,
(approx. 3.2 eV). This energy is used to excite the valence
electrons in the conduction band. In Fig. 7, all three sam-
ples of TiO, showed three peaks at wavelengths of 407 nm,
433 nm and 461 nm where the highest peak is observed
at 433 nm that are assigned to band gap of 2.8 eV. Pres-
ence of multiple peaks in the given spectrum denoted the
existence of defect levels in the band gap which is formed
due to oxygen vacancies during sample preparation. High
surface to volume ratio in TiO, nanoparticles also favored
the existence of large quantities of oxygen vacancies (Zhao
et al. 2007). Here, PL intensity decreased from TiO,-2 to
TiO,-3 to TiO,-1. Decrease in PL intensity indicated effi-
cient electron hole separation and long-lived carriers (Yao
et al. 2016). However, PL characterization for semiconduc-
tors at ambient temperature is not very accurate due to many
factors like surface states and bulk defects that influence the
fluorescence signals. Due to this, band gap obtained from
PL spectra showed some variations from original band gap.
However, electronic structure and state distribution can be
correctly specified from these characterization results. Lumi-
nescence plots for all samples in excitation wavelength of
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Fig.7 PL Characterization of TiO, nanostructures

325 nm are almost identical, suggesting that the electronic
state distributions of all samples within the energy band are
similar.

UV-Vis spectroscopy

UV-visible spectroscopy is employed for the as-synthesized
TiO, nanoparticles as shown in Fig. 8. The band gap energy
of each sample is estimated based on Tauc and Menth’s
equation:

(Ahv)" o« hv — E, )

where A represents the absorbance, hv represents the energy
of the light; n is a constant equal to 1/2 since anatase TiO,
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Fig.8 UV-vis characterization of TiO, samples
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Fig.9 Tauc plot for corresponding UV—Vis characterization

@ Springer



7550

Chemical Papers (2022) 76:7545-7551

is indirect semiconductor, and E, is the band gap energy
determined by extrapolating the linear portion to (Ahv)!/?
versus hv (Fig. 9). From this graph, the band gap energy
is calculated to be 3.7 eV, 3.3 eV and 3.2 eV for samples
TiO,-1, TiO,-2 and TiO,-3, respectively. Due to quantum
size effect of TiO, nanoparticles, we observe a systematic
blue shift in the absorption edge with the decrease in particle
size. It is concluded that with decreasing particle size, the
energy gap of TiO, is increasing and the electronic level
spacing which is mainly due to the fact that the electron hole
pairs are now much closer so that the columbic interaction
in between couldn’t be neglected giving an overall kinetic
energy (Stroyuk et al. 2005).

According to the already existing literature (Akpan &
Hameed, 2009; Guillard et al. 2003), the photocatalytic activi-
ties are reported to be increased with decreasing acidic concen-
trations. This study suggests the better potential photocatalyst
can be given by order: TiO,-1>TiO,-2> TiO,-3.

Conclusion

In the present study, we prepared three samples using hydro-
thermal method with different concentration of HNO; for their
synthesis. In these processes, TiO,-1 has lowest acidic concen-
tration of 1074 M, TiO,-2 has medium acidic concentration of
1072 M and TiO,-3 has the highest acidic concentration among
them of 10~! M. All samples showed different morphological
and optical properties. From the analysis, it is realized that the
size of TiO, nanostructures decreased with decrease in the
acidic concentration as depicted in XRD analysis. From SEM
images, we are able to observe that the morphology changed
from nanoflakes to nanotubes to nanoparticles with different
concentration of HNO;. Also, from absorption and lumines-
cence spectroscopy, it is concluded that the band gap of TiO,
nanoparticles increased with decrease in size which is due to
the confinement of electrons and holes in the sample. This
analysis suggested the effective utilization of TiO, nanopar-
ticles for photocatalytic activities in terms of environmental
purification by altering their properties with different amount
of pH as TiO,-1 with least acidic concentration can be stated
as a potential photocatalyst in this comparison study.
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