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Facile synthesis of anatase TiO2 nanoparticles using titanium metal and
its enhanced photocatalytic activity under visible light
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TOM TAT

Bai bdo nay gi6i thiéu phirong phép sol-gel xanh dé tong hop vt liéu nano TiO; (NP) trén co so kim loai Ti. Sau khi
duoc téng hop, NP TiO; duwoc khao sat cdu tric, hinh thdi va ddc trung quang xuc tac thong qua cdc ky thudt nhw nhiéu xa
Ronghen (XRD), phé hong ngoai (IR), hién vi dién tir truyén qua (TEM) va phé phan xa khuéch tan UV-Vis (UV-Vis DRS).
Viéc diéu chinh nong do axit oxalic gitip cai thién ddc trung quang xiic tac kha kién ciia TiO; anatase. Chat xiic tac TiO; thu
duge ¢6 dién tich bé mdt I6n, kha ndng hdp phu va quang phan MB trong dai bire xa kha kién tot. Pdc trung quang xiic tdc

kha kién tot ciia TiO; dwoc cho la do dién tich bé mdt lom va tac déng ciia 16 trong éxy.
Tir khéa: Titan kim logi, phite Titan, TiO; bién tinh, quang xiic tdc, 16 trong oxy, dnh sang kha kién.
ABSTRACT

A green sol-gel method was employed to synthesize TiO, nanoparticles (NPs) using titanium metal. The synthesized TiO,
NPs underwent comprehensive characterization using techniques including X-ray diffraction (XRD), infrared spectroscopy
(IR), transmission electron microscopy (TEM), and UV—Vis diffuse reflectance spectroscopy (UV-Vis DRS) to evaluate their
structure, morphology, and spectral properties. By adjusting the amount of oxalic acid, tailored physico-chemical properties
of anatase TiO; catalysts were achieved. The obtained TiO; catalysts demonstrated a high surface area, excellent absorption,
and remarkable photocatalytic degradation of methylene blue under visible light irradiation. This enhancement is primarily

contributed by the large surface area and oxygen vacancies.
Keywords: Titanium metal, titanium complex, modified TiO;, photocatalyst, oxygen vacancy, visible light.

1. INTRODUCTION regeneration or reactivation, especially when dealing

with high pollutant concentrations. An alternative

The removal of organic pollutants from
wastewater is a critical necessity due to the

significant health risks they pose to the environment

approach that shows promise is the utilization of
advanced oxidation processes employing
heterogeneous photocatalysts [6]. This method

and living organisms [1-5]. Various methods have
been developed to address this issue, including
adsorption onto the surface of active materials such
as activated carbon, zeolite, or metal-organic
frameworks. However, these methods have their
limitations and are considered discontinuous since
the adsorbent or membrane needs frequent

effectively and economically degrades a wide range
of water-dispersed contaminants into biodegradable
and less toxic compounds. Furthermore,
photocatalytic degradation processes are renowned

for being environmentally friendly.

One of the most commonly used photocatalysts
is titanium dioxide (TiO.), which offers several
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advantages such as high stability, non-toxicity, low
cost, and a simple synthesis procedure [7-9].
However, its relatively large bandgap restricts its
activity to ultraviolet (UV) light. To enable the
utilization of visible light, modifications have been
made to TiO2 by incorporating metals or non-metals,
such as carbon and oxygen vacancies, through
suitable synthetic methods and reagents. These
modified photocatalysts, known as titanium dioxide-
heterojunctions, have attracted significant interest in
various fields including photocatalysis, solar cells,
electronic materials, cancer therapy, water and air
purification. They are renowned for their high redox
potential, chemical stability, and cost-effectiveness.

Ti-alkoxides, TiCls and Ti(SO4), are common
sources of titanium (Ti) for solution [10]. However,
they pose challenges due to their strong
toxicological and corrosive properties, making them
difficult to handle. Another issue is the rapid
hydrolysis of Ti ions, resulting in Ti compounds with
poor solubility in water. Recently, T.Q. Duc et al.
have successfully synthesized water-soluble Ti-
complexes [11]. These complexes are
environmentally friendly as they are formed using
harmless organic acids known as hydroxycarboxylic
acids. Consequently, significant efforts have been
devoted to controlling the morphology and crystalline
phase of TiO., powders using water-soluble Ti-
complexes under hydrothermal conditions [9-11].
However, there are fewer studies that have reported
on the preparation and characterization of
nanopowders using water-soluble Ti-complexes
through the sol-gel method. It is widely recognized
that the choice of precursor plays a significant role in
determining the crystalline phase and morphology of
the synthesized particles. When using titanium
complex precursors, factors such as the ligand or
as well as

complex structure, experimental

conditions, have a crucial impact on the resulting

crystalline phase and morphology of the synthesized
nanostructures.

In this study, we employed a sol-gel treatment of
a titanium oxalate complex to prepare TiO- catalysts
with various morphologies. The influence of the
oxalic acid content on the formation of crystallites,
particle size, shape, and subsequent photocatalytic
activity of the synthesized TiO2 nanoparticles were
thoroughly investigated.

2. EXPERIMENTAL
2.1. Materials

The experiments utilized chemical reagents
sourced from commercial suppliers, ensuring their
analytical purity. Additionally, distilled water was

consistently employed throughout the experiments.
2.2. Synthesis of TiO2 NPs using Ti metal

To prepare TiO2 NPs, a sol-gel method was
employed using a titanium complex with oxalic acid
as a chelating agent [10,11]. In a typical synthesis,
metallic titanium powder (45 mmol, 99 % purity,
sourced from China) was dissolved in a cold mixture
of aqueous ammonia solution (45 ml, 28 %
concentration, Xilong, China) and hydrogen
peroxide solution (180 ml, 30 % concentration,
Xilong, China). After stirring for 3 hours and filtering
out the excess reagents, a yellowish peroxo-titanic
acid solution was obtained. Next, oxalic acid
(sourced from Xilong, China) was added to the
peroxo-titanic acid solution, resulting in a solution
where the color changed from yellow to red,
indicating the formation of a titanium oxalate
complex. The solutions were stirred and heated at
343 K until a slightly yellow gel formed. The obtained
gel was then dried at 353 K overnight. The resulting
powder was ground and subjected to calcination at
573 K for 4 hours to produce TiO. catalysts. The
sample was labeled as TiO2_1_X (where X
represents the molar ratio of oxalic acid to Ti).
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2.3. Synthesis of TiO2 NPs from TiCl4

TiO2 NPs were synthesized using a sol-gel
method, employing a titanium complex with oxalic
acid as the chelating agent [12]. To obtain single
crystals of ammonium titanyl oxalate, a direct
approach was taken. Initially, a clear, hydrolyzed
solution of TiCls in water (approximately 0.5 M) was
prepared. Two equivalents of solid oxalic acid were
then dissolved in this solution, followed by the
careful addition of 4-5 equivalents of ammonia. The
resulting solution, which remained clear,
adjusted to a pH of around 1-2. Subsequently, half

was

the volume of ethanol was slowly added over several
hours, without stirring, resulting in the formation of
two slightly mixed layers. After allowing the solution
to stand overnight, colorless crystals of
(NH4)2TiO(C204)2.H.O were obtained with a high
yield (~80%). The crystals were then dried at 353 K
overnight. The resulting powder was ground and
calcined at 573 K for 4 hours to produce TiO2
catalysts. This particular sample was designated as
TiO2_TiCla.

2.4. Characterization of TiO2 NPs

The identification of the crystalline phase involved
utilizing powder X-ray diffraction (XRD) analysis.
The XRD measurements were conducted using an
AERIS RESEARCH instrument by MALVERN
PANALYTICAL, employing Cu-Ka radiation with a
wavelength (A) of 1.5406 A. The data acquisition was
performed at a scan speed of 4° per minute, with a
step-size of 0.02°.

The examination of the morphology involved
employing transmission electron microscopy (TEM)
on a Jeol JEM-1010 instrument. To determine the
Brunauer-Emmett-Teller (BET) specific surface
area, nitrogen adsorption and desorption isotherms
were measured at 77 K using a Micromeritics ASAP
2020 instrument. Prior to the measurement, the
powders were subjected to a 4-hour degassing

process under a nitrogen atmosphere at 200 °C. The
identification of functional groups was accomplished
using a JASCO Infrared spectrometer. Additionally,
all samples underwent measurements utilizing
diffuse reflectance spectroscopy on a JASCO V-750
instrument.

2.5. Photocatalytic degradation of methylene
blue

The experiment begins by preparing a solution of
methylene blue (MB) in a 100 ml beaker. To achieve
this, 60 ml of a 15 ppm MB solution is carefully
poured into the beaker. Next, 0.06 g of catalyst is
added to the solution. Before the reaction
commences, the solution is subjected to magnetic
stirring in a dark environment for 30 minutes. This
step ensures that the nanoparticles disperse evenly
throughout the solution and establishes an
absorption/desorption equilibrium.

Once the solution is prepared, it is time for
irradiation. A visible light source, a 200 W tungsten
lamp, is used for this purpose. The solution is
vigorously stirred while being exposed to the light.
Each reaction lasts for 1.5 hours, during which 6 ml
samples of the reaction mixture are extracted at 15-
minute intervals. These samples are then analyzed
to determine the composition of the dye.

For analysis, an Agilent UV-Vis spectrometer
(8453) is employed. Before measuring, the liquid
mixture is filtered. Absorption measurements are
taken at a wavelength of 664 nm, as initial scans
have indicated that this wavelength corresponds to
the maximum absorbance for the relevant dye
concentrations. By comparing these measurements
to a calibration curve, the concentrations of the dye
can be determined accurately.

To assess the photocatalytic performance of the
synthesized TiO> catalysts, a comparison was made
with a commercial P25 TiO. catalyst (Degussa,
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Evonik, 54 m?/g) having an anatase/rutile ratio of 4/1.
The sample derived from the commercial catalyst
was labeled as TiO,_P25.

3. RESULTS and DISCUSSION
3.1. Characterization of TiO: catalysts
3.1.1. Structure and morphology

Figure 1 displays the wide-angle XRD patterns of
the as-prepared TiO.-based catalysts. These
catalysts revealed distinct diffraction peaks at angles
of 25.37°, 37.05°, 37.91°, 38.67°, 48.16°, 54.05°,
55.20°, 62.8°, 68.9°, 70.4°, and 75.3°, which
correspond to the diffraction of (101), (103), (004),
(112), (200), (105), (211), (204), (116), (220), and
(215) facets of anatase TiO, (JCPDS PDF#21-
1272), respectively. No other crystalline titanium
oxide polymorphs were observed. The diffraction
peaks depicted in Figure 1 are relatively broad due
to the nanoscale size of the crystals. The average
crystallite sizes of the TiO2, nanoparticles were
determined using the Scherrer equation (1):

= e (1)
where D is the crystallite size, K represents the
shape factor, A is the wavelength (A = 0.154 nm), B8
denotes the full width at half maximum, and 6 refers
to the reflection angle (here, 26 angle of 25.37°,
corresponding to the most intense diffraction peak
(101)). The results are presented in Table 1. The
calculated sizes were found to be 10.2 nm for
TiOo_TiCls, 5.1 nm for TiO2_1_5, 10.9 nm for
TiO2_1 4, 13.1 nm for TiO2_1_3, and 14.3 nm for
TiO2_1_2. Consequently, the addition of more oxalic
acid leads to a reduction in the size of the TiO2
nanomaterials prepared. These results are in line
with the observation from transmission electron
micrographs, illustrating the morphology of TiO2
nanoparticles, presented in Figure 3. The images
reveal a spherical-like shape with average diameters
ranging from 4 to 15 nm. The nanoparticles exhibit a

relatively narrow size distribution, which is a
characteristic feature of the sol-gel method.

The specific surface area of the TiO, catalysts
was determined through N. adsorption-desorption
measurements, and the resulting isotherms are
presented in Figure 2. The significant decrease in
the desorption curve and the presence of a
hysteresis loop at high relative pressure clearly
indicated that all the as-prepared TiO: catalysts
possessed a mesoporous structure, exhibiting
representative type-IV curves [14]. The specific
surface areas of TiO2_1_2, TiO2_1_3, TiO2_1_4,
TiO2_1_5, and TiO,_TiCls were calculated to be 83,
115, 109, 192, and 161 m?/g, respectively. These
TiO. catalysts exhibited considerably higher surface
areas, providing more reactive sites compared to
commercial pure TiO, (Degussa P25, 54 m?/q),
indicating their superior capability to adsorb organic
compounds onto their surfaces.

Intensity (a.u.)

20 (degree)
Figure 1. XRD patterns of the synthesized TiO>
catalysts: TiO2_1_2; TiO2_1_3; TiOo_1_4;
TiO2_1_5; TiO2_TiCla.
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TiO,_1_2-Adsorption Figure 2. BET specific surface area of the
——TiO, 1_2-Desorption synthesized TiO2 catalysts: TiO2_1_2;
——Ti02_1:3-Adsorption TiO2_1_3; TiO2_1_4; TiO2_1_5;

TiO2_TiCla.
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Figure 3. TEM images of the synthesized TiO; catalysts with (a) TiO2_1_2, (b) TiO2_TiCla.

Furthermore, the TiO2_1_4 sample displayed similar
physical properties to the TiO2_TiCls sample in terms
of pore volume, pore size, and crystalline diameter,
as observed in Fig. 1, Fig. 2, and Table 1. Notably,
the TiO2_1_5 sample possessed the highest specific
surface area (192 m?/g) and the smallest crystalline
diameter (5.1 nm). Therefore, the facile sol-gel
method employing titanium metal and oxalic acid as
the chelating agent proved to be effective in
producing excellent TiO2 nanomaterials.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
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Figure 4. Infrared spectra of the synthesized TiO;
catalysts: TiO2_1_2; TiO2_1_3; TiOo_1_4;
TiO2_1_5; TiO2_TiCla.

3.1.2. FTIR Analysis

A sequence of FTIR spectra for TiOz_1_2,
TiO2_1_3, TiO2_1 4, TiO2_1_5, and TiO2_TiCls is
presented in Figure 4. The FTIR spectra of all TiO2
catalysts exhibit three distinct bands. The first band,
observed at 3265 cm™, is the broadest and
corresponds to the stretching vibration of the
hydroxyl group O-H in the TiO2 nanoparticles. The
second band appears around 1635 cm™ and
corresponds to the bending modes of water Ti-OH.
Lastly, a prominent peak at 1430 cm™ is observed,
which is associated with Ti-O modes occurring after
the TiO2 comes into contact with water [15].

3.1.3. UV=Visible diffuse reflectance spectra

(UV-Vis DRS) were conducted (Figure 5). The
band-gap energy (Eg) of the fabricated samples
could be calculated from UV-vis spectroscopy by
using the Equation (2):

()

where A is the wavelength (nm). It was found that
Degussa P25 TiO,, and TiO2_TiCls exhibited a sharp
absorbance edge at about 387 nm (3.20 eV), and
391 nm (3.17 eV) and with absorbance in the UV
region. Nevertheless, the absorbance edge of all as-
prepared TiO2 samples from titanium metal with
different oxalic acid molar ratios (TiO2_1_2,
TiO2_1_3, TiO2_1_4, TiO2_1_5) shifted toward the
visible region. Moreover, the shift of the absorbance

Eq = 1240/A,

edge to the visible-light region increased gradually
with the increase in oxalic acid molar ratio of 2-4 and
induction of oxygen vacancies. The band gap
energies of TiO2 1 2, TiO2 1 3, TiO2_1 4, and

To under — T T
2 (a) no, 121 10 1.2 (b) .{ r absorbance
samples, the [ - = TiOo, 1.3 - — Ti0, 1.3 A
/) ----TiO, 1_4 5.----TiO, 1.4 I
3: ......... T|02 1 5 é-\ --------- T|02_1 5
o =+=+-Ti0,_TiCl,| > 44="=+-Ti0,_TiCl,
= 8
2 jimy
2 3
£ g
300 400 500 600 700  80I 4.0

Wavelength (nm)

Figure 5. (a) UV-vis diffuse reflectance spectra of the synthesized TiO; catalysts with TiO2_1_2;
TiO2_1_3; TiO2_1_4; TiO2_1_5; TiO2_TiClas, (b) Plot of the Kubelka—Munk function plotted against the
energy of absorbed light.
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Figure 6. Absorption spectra of metylene blue dye degraded by (a) TiO,_P25, (b) TiO2_TiCls, (c)
TiO2_1 2 and (d) TiO2_1 4.

Table 1. Textural properties of TiO2-based catalysts measured by N» adsorption-desorption/XRD.

Catalyst | Specific Surface Area | Pore Volume | Pore Size | Average Crystallite Size @ (hm)
(m*>g™) (cm®gT) (hm)

TiO2_TiCl4 161 0.36 7-8 10.2

TiO2_1.5 192 0.27 6-7 5.1

TiO2_1 4 109 0.36 10-12 10.9

TiOz_1_3 115 0.25 7-9 13.1

TiOg 1 2 83 0.07 4-5 14.3

TiO,_P25 54 0.13 3.89 -

a Calculated by Scherrer’s equation with (101) reflection of TiO..

edges were 3.11 eV (399 nm), 3.13 eV (396 nm),
3.09 eV (402 nm) and 3.15 eV (394 nm),
respectively. The extended absorption into the
visible range was likely due to the reduction of the
band gap resulting from the increased charge
transfer owing to the defect levels that formed in the
TiO2 band structure by oxalic acid reagent [16,17].
From these results, it was inferred that the as-
prepared TiO2 photocatalyst via a facile sol-gel

method using titanium metal and oxalic acid as the
chelating agent could be activated effectively under
daylight irradiation.

3.2. Photocatalytic Performace

The synthesized photocatalysts were examined
for their photocatalytic activities by measuring the
decomposition efficiencies of metylene blue under
irradiation from a 200 W tungsten lamp. Within 3
minutes of introducing the dye solution, the catalysts
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successfully adsorbed the target metylene blue
pollutants.  Photodegradation efficiencies for
metylene blue were evaluated over a 90-minute
photocatalytic reaction using TiO2_P25, TiO2_TiCla,
TiO2_1_2, and TiO2_1_4, as depicted in Figure 6.
Remarkably, the photocatalytic degradation of the
target compounds was nearly completed within the
initial 15 minutes of the reaction. The degradation
efficiencies achieved by TiO2_ 1 2 and TiO2_ 1 4
were superior to those of TiO2_P25 and TiO2_TiCls
in terms of adsorption capacity and photocatalytic
performance under visible light. TiO._P25 and
TiOo_TiCls exhibited negligible activity under visible
light irradiation. Notably, both TiO»,_1 2 and
TiO2_1_4 samples demonstrated almost 100 %
degradation efficiency within 15 minutes. The
photocatalytic degradation efficiencies of the target
compounds followed the order: TiO,_ 1 4 >
TiO2_1_2>TiO2_TiCls > TiO,_P25, which correlated
with the surface area, particle size, and crystallite
size of the anatase phase of the synthesized TiO>
photocatalysts, as shown in Table 1. These results
indicate that the surface area and vacancies play a
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