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Abstract

In TiO: photocatalysts have been interested in the world thanks to many advantages in handling toxic compounds,
with great potential for practical application at low cost. However, the electron-hole recombination rate is still
high and can not be processed under visible light, which is a major limitation of this material. Modification of TiO2
by W6+ is a possible solution, however there is still little research and the optimal W6+ ratio in small amounts is
still low. The material was synthesized by a one-stage solvothermal method at 200 °C for 10 hours, without using
any surfactants or post-reaction calcination with doped W molar ratios of 0.5%, 1%, and 1.5%. The result was that
the TiW-1.5% catalyst sample had the highest specific surface area of 175 m2/g, higher than pure TiO2 of 160.0
m2/g. The W6+ ion successfully replaced Ti4* in the TiOz crystal lattice, reducing the band gap energy of the catalyt-
ic sample to 2.88 eV with the TiW-1.5% sample. For TiW-0%, the formaldehyde decomposition ability is 53.50%.
Doping W into TiO2 increased catalytic efficiency, with a material sample with an optimal modified W content of
1.5% mol W having a formaldehyde decomposition efficiency of 71.98%. Research results show that W modification
can improve the activity of TiOz and increase the efficiency of volatile organic compound treatment .
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1. Introduction leased into the environment. Currently, TiO2
photocatalysts are attracting the attention of re-
searchers due to many advantages, such as high
catalytic activity, non-toxicity, and the ability to
effectively treat pollutant compounds in water
and air with high economic efficiency [2].
TiOz-based photocatalysts have been pro-
foundly studied for their benefits such as non-
toxicity, high catalytic activity, cost-saving, etc.
[3-5]. TiOz2 is a n-type semiconductor able to

Volatile Organic Compounds (VOCs) are
highly toxic and negatively affect human health.
They can cause skin, eye and respiratory irrita-
tion, and even cancer when exposed for a pro-
longed period [1]. Many pharmaceutical and
chemical industries consume organic solvents
and therefore large amounts of VOCs are re-
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the main oxidants [6,7]. Application of these
catalysts, however, still face challenges as TiO2
possesses wide band gap preventing it from uti-
lizing visible spectrum, and high rate of elec-
tron - hole recombination [8]. Many researches
focus on overcoming these obstacles by doping
other elements into TiOz lattice or composing it
with other materials, in which introducing met-
als has been proven a facile and efficient meth-
od.

The valence band of TiO2 consists mainly of
0-2p states, while the conduction band is main-
ly Ti-3d. In order to reduce recombination, ions
must create a new energy level between these
regions. The ionic radius of W6+ (O.GOA) is ap-
proximately close to Ti4*’s (0.605A), which
makes it easy to substitute into the lattice, and
at the same time can create a new energy re-
gion below the conduction band [9-11]. The
bandgap energy of WOs is 2.5 eV showing its
potential to improve TiO:z characteristics. Sev-
eral authors have studied W-doped TiO2 ability
to decompose VOCs, but the amount of these
researches are still modest when compared to
that of other metals, such as Fe or Ni [12-14].
The metal in the TiO:2 crystal lattice greatly in-
fluences the trapping and electron transport to
the catalyst surface. Choi et al. found that de-
naturation with Fe3*, Mo, Ru3*, Os3+, Re5*,
V4, and Rh3+ at 0.1 — 0.5 % significantly in-
creased catalytic activity for both reduction and
oxidation, however For each metal, the optimal
ratio is different [15]. In order to solve the
above problems, the goal of this thesis is to suc-
cessfully synthesize W photocatalysts modified
by TiO:2 based on the processes performed by
other groups of authors, thereby orienting the
application. materials into the experimental
gas treatment system in the future.

2. Materials and Methods
2.1 Materials

All reagents in this study are commercial
products, and used without further treatment.
Titan(IV) chloride (TiCls — 99.5%), and Tung-
sten(VI) chloride (WCls — 99.9%) were pur-
chased from Sigma Aldrich, USA. Ethanol ab-
solute (C2Hs50H, 99%), and acetone were pro-
duced by Merck, Belgium. Purified water was
also employed.

2.2 Synthesis of low ratio W-doped TiO2

W-modified TiOz material was prepared by a
one-step thermal mixing method based on the
research of Pham et al. [16]. First, an amount of
salt m (g) (corresponding to WCls molar ratios

of 0.5%, 1%, and 1.5%) WCls was completely
dissolved in 50 mL of ethanol and stirred for 20
minutes on a stirring stove. From there, heat
at 50 °C until the salt is completely dissolved in
the ethanol. Put the solution in an ice bath to
cool for 30 minutes, while continuing to stir on
the induction cooker. Then, use a small mi-
cropipette of 0.550 mL TiCls. The resulting so-
lution were placed in Teflon - covered by an au-
toclave. The hydrothermal reaction takes place
at 200 °C for 10 hours. The suspension after
the reaction was centrifuged and washed sever-
al times with distilled water (4 -5 times). The
solid was dried at 80 °C for 24 hours and then
finely ground to obtain W-modified TiO2 cata-
lyst material.

2.3 Characterizations

The material was evaluated for structural
characterization based on a number of analyti-
cal methods such as crystal structure deter-
mined by X-ray diffraction (XRD) on a DS8-
advance device (Bruker, Germany) at 20 10
conditions. - 70 degrees, stop angle 0.03 de-
grees, dwell time 0.7 seconds/degree. The sur-
face of the material is shown in SEM images
taken by JEOL's S4800 (Japan). The TEM
method was analyzed on dJeol's JEM 2100,
measured at 200 kV, the TEM resolution can
provide information and the size and shape of
the material. BET (Brunauer-Emmett-Teller)
surface area measurement method was per-
formed on Micromeritics 2020 equipment of
Micromeritics (USA), measuring parameters of
isothermal absorption - desorption, pore size,
pore volume and hole structure. The light ab-
sorption of the catalyst was characterized by
UV-Vis-DRS method on a Shizumazdu 2600
device, room temperature, at songd 350 — 750
nm. The composition and elements of the mate-
rials were analyzed on VietSpace 5006-HQO02
instrument, Amptex USA.
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Figure 1. Illustrate the synthesis of W doped TiO2
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3. Results and Discussion
3.1 Structural Characteristics

XRD spectra of TiOz and W-modified TiOq
catalyst samples with different ratios are
shown in Figure 2. The XRD spectrum shows
that diffraction peaks were recorded at posi-
tions 25.3° 37.8° 48.0° 53.9° 55.1°, and 62.8°
corresponding to the (101), (004), (200), (105),
(211), and (204), respectively, showing the ori-
entation of Anatase TiO: phase formation
(JCPDS — 84 — 1286). Because the color of the
composite material changes, but the phase
structure does not change, it can be predicted
that W has been incorporated into the struc-
ture of TiO2 and there is no formation of
WO3/TiO2 composite due to lack of emission.
shows the characteristic diffraction peaks of
WOs3 (JCPDS-20-1324) (at 206 ~ 23.0° 23.7°,
24.0°. There is not much difference in the peak
position of the modified TiO2 material samples
compared to TiOz. This may be due to the negli-
gible difference 1n radius between W6+ (0.600 A)
and Ti4+ (0.605 A), and the doping percentage is
not much. No diffraction peaks of Rutile were
detected, possibly due to the synthesis condi-
tions of 200 °C for 10 hours. Under this condi-
tion, amorphous TiO:z is completely converted
to anatase, but not enough to convert anatase
to the rutile phase [17]. Comparing between W-
modified TiO2 samples, as the doping W con-
tent increases, the signal intensity decreases
and the peak width increases. This shows that
W-modified TiO2 has reduced the crystal size.

Figures 3 the structure, morphology of the
composites, and grain size at different coeffi-
cients, respectively. TEM analysis results of 4
samples show that all samples contain single
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Figure 2. XRD pattern of W doped TiO:z at dif-
ferent scales

crystalline particles and all have a spherical
shape typical of the anatase phase. The parti-
cle size of TiW-0% ranges from 10 to 16 nm. W-
modified TiO2 samples have smaller sizes, spe-
cifically TiW-0.5% is 8-13 nm, TiW-1% i1s 7 - 11
nm, and TiW-1.5% is mainly 6 — 10 nm. The
grain size matches the crystal size obtained
from the XRD spectrum.

Figure 4 and Table 1 show the distribution
of elements of O, Ti, and W in the material. It
can be seen that compared to Ti and O, which
are uniformly distributed, W is less evenly dis-
tributed. This may also be the reason why the
%W ratio in the material sample when sur-
veyed 1s quite different from the theoretical
calculation [18]. The elemental composition of
W and Ti in the W-modified TiO2 samples at
the ratios is shown in Table 2. Errors compared
with theory are still large, possibly caused by
TiCls hydrolysis to solid TiOz before Wé*+ can be
substituted into the crystal lattice (Equation
(3)). On the other hand, the interaction be-
tween the reaction factors, solvent concentra-
tion, pH, and TiCls solution addition rate has
not been investigated and controlled.

TiCls + H20 — TiO2 + HC1 3)

N2 adsorption and desorption methods help
determine the specific surface area and pore
size of the material. The analysis results are
calculated according to the BET equation and
are presented in Table 3. The specific surface
area of the material increases with increasing
W doping amount and is highest at 175.5 m2/g
in the sample with a 1.5% W ratio. This is also
consistent with previous XRD and TEM re-
sults. The material has an anatase structure,

Table 1. Elemental ratio by EDS in W-modified
TiO2 catalyst sample (Table 1 is not cited in
text). What is difference between Table 1 and
2)

Sample %mol W
TiW-0.5% 1.0
TiW-1.0% 1.6
TiW-1.5% 2.8

Table 2. Elemental ratio by XRF in W-modified
TiOg catalyst sample

Sample %mol W
TiW-0.5% 0.4
TiW-1.0% 1.3
TiW-1.5% 1.5
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Figure 3. TEM images of W doped TiO: at different scales a) (a) TiW-0%, (b) TiW-0.5%, (c) TiW-1%, (d)
TiW-1.5%
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Figure 4. Distribution mapping of elements in the material (a) TiW-0.5% (b) TiW-1%, (c) TiW-1.5%

Table 3. Specific surface area and pore size of
catalyst samples

S Specific surface Pore size
ample

area (m2/g) (nm)
TiW-0% 160.0 5.5
TiW-0.5% 164.6 5.5
TiW-1% 168.6 4.9
TiW-1.5% 175.5 4.6

so the particle size is smaller, leading to a larg-
er specific surface area. The reason for the
large specific surface area of the synthesized
material may be due to the one-stage solvother-
mal synthesis process that does not use struc-
ture-directing agents, and the precursors used
are inorganic substances, thus avoiding the in-

fluence of organic macromolecules and there is
no post-reaction heat treatment stage.

UV-Vis DRS diffuse reflectance spectroscopy
method was used to determine the optical prop-
erties of W-doped TiO2 materials. Figure 5
shows the band gap energy of TiO2 and W-
modified TiO2 catalyst samples with different
ratio. The synthesized TiOz sample has a band
gap energy level of 3.02 eV, lower than anatase
TiOz of 3.20 eV. The explanation for this may
be because the particle size has been signifi-
cantly reduced when synthesized by the one-
stage solvothermal method [19,20]. W-modified
TiO2 samples have a reduced band gap energy
compared to TiO2, expanding the visible light
absorption region, larger than 420 nm. This de-
crease in band gap energy can be due to the for-
mation of oxygen vacancies, as a result of the
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doping process. W substitution into the TiO:
lattice can generate many oxygen vacancies,
creating a small band below the conduction
band of the TiO2 photocatalyst [21].

3.2 Orientation for Handling VOCs
(Formaldehyde)

Table 4 and Figure 6 show the formaldehyde
concentration in the gas sample before and af-
ter going through the gas treatment system
and when using W-modified TiO2 catalyst with
different W ratios and the treatment efficiency
of the samples. catalysis. Investigation reaction
with formaldehyde sample drop volume of 0.05
mL and 0.024 mL of distilled water correspond-
ing to 70% humidity, air flow through the cata-
lyst is 300 mL/min and collected for 10 minutes
to fill the bag gas. After the experiment, the air
bag was subjected to gas chromatography anal-
ysis to determine formaldehyde concentration.
The formaldehyde concentrations in the airbag
samples corresponding to the catalyst samples
TiW-0%, TiW-0.5%, TiW-1%, and TiW-1.5% are
73.0 mg/m3, 63.0 mg/m3, 57.5 mg/m3, and 44.0

Table 4. Preliminary survey on the possibility of
treating formaldehyde with W-modified TiO2

foiEZf;e- Formaldehyde
Samole hvde con- concentration  Efficiency
p ce}rll tration after reaction (%)
(mg/m?) Crn (mg/m3)
TiW-0% 73.0 53.50
TiW-0.5% 63.0 59.87
TiW-1% 157.0 57.5 63.38
TiW-1.5% 44.0 71.98
1.4
TiW-0%
TiW-0,5%

TiW-1%
— TiW-1,5%

Absorbance (%)

0.0

Wavelength (nm)

Figure 5. UV-Vis-DRS of W-modified TiO2 samples
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mg/m3, with formaldehyde removal efficiency of
53.50%, 59.87%, 63.38%, and 71.98%, respec-
tively. It can be seen that the formaldehyde de-
composition ability of TiW-0% catalytic materi-
al is not high. When using W-modified TiO2
catalyst, the treatment efficiency increased
with the highest TiW-1.5% sample being
71.98%. This may indicate that W doping helps
increase the catalytic activity of the material.

4. Conclusions

W-modified TiOz material was successfully
synthesized using a one-stage solvothermal
method at 200 °C for 10 hours, without using
any surfactants or a calcination stage after re-
acting with different molar ratios. W doping
were varied 0.5%, 1%, and 1.5%. W-modified
TiO2 material through XRD spectrum was de-
termined to have an anatase phase crystal
structure, without the appearance of the WO3
peak. The presence of W in the material is
proven from the XRF spectrum with a ratio
close to the theoretical calculation. TEM imag-
es show that W-modified TiOz has a spherical
shape, smaller particle size and more uniform
distribution than TiOg2, with the smallest size
of the TiW-1.5% sample in the range of 6 - 10
nm. The specific surface area of the particles
was determined by N2 adsorption and desorp-
tion combined with the BET theoretical equa-
tion. The result was that the TiW-1.5% catalyst
sample had the highest specific surface area of
175 m2?/g, higher than pure TiO:z of 160.0 m?/g.
The W¢é* ion successfully replaced Ti4* in the
TiO2 crystal lattice, reducing the band gap en-
ergy of the catalytic sample to 2.88 eV with the
TiW-1.5% sample. From there, it is possible to
expand research based on TiW-1.5% material
to improve photocatalytic ability in the visible
light region to treat gas samples contaminated
with toxic organic vapors.
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Figure 6. Effect of W-modified TiOz ratio on
formaldehyde treatment efficiency
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