Digest Journal of Nanomaterials and Biostructures Vol. 19, No. 3, July -September 2024, p. 999 - 1007

Novel synthesis of CI/N Co-doped TiO:2 nanoparticles
for enhanced photocatalytic activity

S. Wannapop®, A. Inteng, R. Jareanwat, A. Somdee
Faculty of Science, Energy and Environment, King Mongkut’s University of
Technology North Bangkok, Rayong Campus, Rayong 21120, Thailand

The N/CI co-doped TiO, nanostructures were studied as photocatalyst for rhodamine B
(RhB), Methylene Blue (MB), and Methyl Orange (MO) degradation. A Commercial TiO,
(P25) grade was also compared to our materials. The N/CI co-doped TiO; at different Ti*"
precursors were synthesized by the co-precipitation method. The structural, surface
morphology, and surface area were analyzed by XRD, SEM, TEM, and BET. Optical
properties of samples were investigated by UV-visible spectroscopy showing that the N/CI
co-doped TiO; has smaller bandgap than the P25. Overall, the improved N/Cl co-doped
TiO; samples showed better performance than the P25 for RhB, MB and MO degradations.
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1. Introduction

Titanium dioxide (TiO») is currently preferred as the most widely used and effective
photocatalyst for decomposing organic pollutants in water. The TiO; is a low-cost semiconductor.
It is non-toxic to the environment, with strong oxidizing properties and long-term light stability [1-
4]. However, titanium dioxide's ability to absorb sunlight has its limitations. Due to the large band
gap (3.2 eV), TiO; functions properly in the ultraviolet (UV) light range. Solar energy contains only
5% of sunlight's ultraviolet radiation. Therefore, most of the energy from solar radiation that could
have been used to promote TiO,-catalyzed reactions is wasted. The solar absorption capacity of TiO,
has been developed by various methods such as doping with a metal, non-metal, metal oxide, and
co-doping [5-8]. In addition, the enhancement of photocatalytic activity of TiO; is significantly
affected by crystal size, surface area, porosity, crystal structure, and crystallinity.

Recent researchers have been interested in chemical and physical doping to increase the
photocatalytic activity of TiO, under visible light irradiation, such as TiO, doping with metals (e.g.
Mn, Fe, Cu, Ag, Au, and Pt [9-13]) or non-metals (S, N, C, and Cl [14, 15]) can absorb the visible
light (400700 nm). Doping metal/non-metal atoms into TiO, also increases conductivity.
Comparing the metal and chalcogenide or nitrogen group, the cost of using metal is much more
expensive. From a theoretical point of view, the role of doping metal is to modify the conduction
energy band edge of TiO, materials. Since the metal is mostly substituted into the Ti of TiO» host
material. In contrast to the halogenide or nitrogen group, the valence band edge of TiO, was
modified instead. In particular, the addition of nitrogen or chloride is considered a very efficient way
to extend the UV absorbance to the visible region because the band gap is narrowed by the Ny, state
with the O 2p [16,17], as in the similar case of chlorine with a mixture of Cl 2p and O 2p states [18].
The Cl and N doped TiO; individually had been studied in many previous works. Interestingly, the
structural surface morphology of the products was different depending on the various synthesis
methodologies, such as the pH control [19, 20], the total amount of doping materials, and the heating
treatments [21-23]. In particular, none of the research studied the role of N/Cl co-doping in the TiOs.

This study demonstrates that a co-precipitation method can be prepared for a CI/N-doped
Ti0, nanoparticle photocatalyst with improved visible light absorption. It also studied the influence
of the Ti precursor on the characteristics of the synthesis structure, morphology, and optical
properties.
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The product's crystal structure was characterized by X-ray diffraction. Surface properties
were studied using scanning electron microscopy, transmitted electron microscopy, and Brunauer-
Emmett-Teller. The optical properties of all photocatalysts were studied by UV-visible absorption.
The catalyst products of the commercial TiO, P25 grade and our CI/N co-doped TiO, were compared
for photocatalytic activity by Rhodamine B (RhB) under solar simulator radiation.

Then, the best catalytic was tested with another dye, such as Methylene Blue (MB) and
Methyl Orange (MO).

2. Experimental

The N/CI co-doped TiO, was synthesized by co-precipitation using different precursors of
Ti, which were titanium (IV) isopropoxide (Ci2H2304 Ti), titanium (IV) tetrachloride (TiCls), and
titanium (IV) butoxide (TiCi¢H3¢O4). First, 2 mL of each Ti source was dissolved in a mixing
solution (80 ml of deionized water and 20 ml of HCI, which acted as a chlorine source) under
vigorous stirring. Then, the solution was controlled at pH = 11 by ammonia, a nitrogen source, and
vigorously stirred for 2 h. The final products were washed with DI water and ethanol, and the
samples were dried at 100 °C for 5 h. The products were annealed at 500 °C in nitrogen air for 2 h.
For the purpose of comparison, the N/CI co-doped TiO; using C12H2304 Ti as the source was denoted
as “NCI-Ti0,-1”. The product from the TiCls source is identified as “NCI-TiO,-2,” and the one from
the TiCi6H3604 source was designated as “NCI-TiO»-3”. Commercial P25 was denoted as “P25-
Ti0O,”. The products were characterized by XRD (Bruker AXS D8 eco), TEM (JEOL JEM-2010),
SEM (JEOL, JSM 6335F), and BET (Quantachrome Instruments, Autosorb-iQ-MP-MP).

The samples were tested for photocatalytic activity of dye photodegradation (RhB, MB, and
MO) under a xenon lamp with a similar light intensity. A sample of 0.2 g was dispersed in 200 ml
of RhB, MB, and MO aqueous solution at a concentration of 1x10> M. A solution was kept in the
dark and stirred for 30 min to active dye absorption-desorption equilibrium. A 5 ml sample of each
solution was collected and centrifuged every 10 min for photocatalytic testing. The residual RhB,
MB, and MO concentrations were measured by UV-visible spectrophotometry (Shimadzu UV-
2600) at the peak wavelengths of 553 nm, 663 nm, and 464 nm, respectively.

3. Results and discussions

The XRD patterns of Pure TiO, (P25) and N/CI co-doped Ti0, with different precursors are
shown in Fig.1. For the N/Cl co-doped TiO; sample, there was one phase originating from the TiO,:
anatase (JCPDS no. 21-1272) [24]. The diffraction peak position of 20 located at 25.16°, 36.88°,
37.71°,38.55°,47.98°, 53.83°, 55.10°, 62.64°, and 68.73° corresponds to (101), (103), (004), (112),
(200), (105), (211), (204), and (116) plane, respectively. The results showed that the diffraction
pattern of P25-TiO, matched two phases: anatase (JCPDS no. 21-1272) and rutile (JCPDS no. 21-
1276). In case of anatase, the diffraction peaks of P25 located at 25.22°, 25.88°, 37.71°, 38.50°,
47.92°,53.83°, 55.01°, and 62.58° which corresponds to the plane (101), (103), (004), (112), (200),
(105), (211), (204), and (116), respectively. TiO, rutile, the diffraction peak at 27.23°, 35.93°,
41.17°, and 56.51° is assigned to the (100), (101), (111), and (220) plane.
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Fig. 1. XRD patterns of P25-TiO,, NCI-TiO,-1, NCI-TiO;-2, and NCI-TiO.-3, respectively.

Fig. 2 shows SEM image of the P25-TiO, and N/CI co-doped TiO-. From the top view of
the commercial P25 and the modified TiO, SEM images, the shapes of commercial P25 and N/Cl
co-doped TiO2 are nanoparticles, and the shapes were similar. It will be found that the surface of
N/C1 co-doped TiOs is slightly rougher than that of commercial P25.
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Fig. 2. SEM images of (a) P25-TiO;, (b) NCI-TiO>-1, (c) NCI-TiO;-2, (d) NCI-TiO>-3.
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In Fig. 3, the EDS mapping and EDS spectrum investigation revealed the N and Cl contained
in the NCI-Ti0O,-3 sample. The EDS analysis was used to report the interest element of the target
sample. Therefore, the N, Cl, Ti, and O were of interest to us. From the result, the EDS confirmed
all elements, as mentioned before, were observed, which suggests that the N and Cl co-doping was
successfully obtained.
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Fig. 3. (a) SEM image and EDS mapping of (b) N, (c) Cl, (d) Ti, (e) O, and (f) EDX spectrum
of NCI-TiO-3.

Fig. 4 shows the TEM image, HRTEM image, and Particle diameters from TEM images. In
Fig. 4b, the HRTEM image of P25-TiO; indicates that the lattice fringes correspond to (211) and
(105) plans from anatase TiO; and rutile TiO,, respectively. The NCI-TiO,-1 HRTEM is shown in
Fig. 4e. The lattice fringes correspond to (105) plans from anatase TiO». In Fig. 4h and Fig. 4k, the
lattice fringes correspond to (004) planes from anatase, TiO, from NCI-TiO,-2, and NCI-TiO»-3,
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respectively. From the HRTEM image, N/Cl co-doped TiO, had one phase of anatase TiO,
consistent with the XRD results and that of P25-TiO; with two phases. From the TEM image, the
surface of N/Cl co-doped TiO; has a greater roughness than pure TiO,, consistent with SEM results.
The average particle sizes of commercial P25 and N/CI co-doped TiO, are shown in Fig. 4(c, f, 1,
and 1). The average size of P25-TiO,, NCI-TiO,-1, NCI-Ti0,-2, and NCI-Ti0-3 samples are about
19.10, 20.35, 21.43, and 19.95 nm, respectively. Fig. 5 shows the BET surface areas of the modified
TiO, nanoparticles were 68.71, 65.02, and 69.90 m*/g for NCI-TiO,-1, NCI-Ti0,-2, and NCI-TiO»-
3, respectively, and BET surface area of commercial P25 was 52.36 m*/g. These values are in good
agreement with Fig. 4, which estimated the particle size of the sample by TEM.
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Fig. 4. TEM images, HRTEM images, and particle diameters of (a-b) P25-TiO;, (c-d) NCI-TiO»-1,
(e-f) NCI-TiO-2, and (g-h) NCI-TiO-3, respectively.
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Fig. 5. BET surface area measurements of (a) P25-TiO;, (b) NCI- TiO:>-1, (c) NCI- TiO-2, and (d) NCI-
TiO,-3, respectively.

Fig. 6a shows the optical properties of TiO,-P25 and the N/CI co-doped TiO; products as
determined by UV-visible spectroscopy. The energy band edge of P25 was located at ~400 nm while
the N/CI co-doped TiO; was slightly located at the lower energy. These results of doping were in
agreement with similar previous work [25, 26]. In this research, the N/CIl co-doped TiO, products
showed better absorption than commercial P25. Photocatalytic activities of the commercial P25 and
N/CI co-doped TiO; catalysts were evaluated by decomposed RhB molecules under solar light
radiation. Fig. 6b and Fig. 6¢ show the degradation efficiency using RhB solution as the model dye,
the blank (catalyst-free), commercial P25, and N/CI co-doped TiO: photocatalysts under solar light
radiation within 80 min. There is slight light-induced self-degradation of RhB molecules with the
blank. From N/CI co-doped TiO, photocatalysts degradation tested by synthesized by co-
precipitation from different Ti sources, it was found that the decolorization increased over time. In
80 min, the NCI-Ti0,-3 shows the highest decolorization efficiency of 99.12%. This is because NCI-
Ti0,-3 had a large surface area (see the BET and particle size derived from TEM results) and,
therefore, more reactive regions areas on the surface for the adsorption of the dye molecules, making
the photocatalytic process more efficient.

Furthermore, the stability of the NCI-Ti0,-3 photocatalyst was also tested. Fig. 7a shows
the 3rd recycling used for RhB removal, while Fig. 7b shows other dye treatments. The performance
of the NCI-Ti0,-3 photocatalyst was also examined with MB and MO. The degradation efficiency,
which reveals the performance of the NCI-Ti0,-3 sample, is shown in Fig. 7b. After up to 80 min
solar light illumination, 99.12% of the RhB was removed, while 92.46 % of the MB, and 53.20% of
the MO were removed from the water. As a result, NCI-TiO,-3 is a great photocatalyst that can
degrade RhB, MB, and MO.



—— P25-TiO, (a)
i ——— NCI-TiO,-3
E —— NCI-TiO,-2
> —— NCI-TiO,~1
o
3
<
8
=
e ~
e )\
F=]
<
200 300 400 S0 €00 700 800
Wavelength (nm)
225
—_— .(¢)
2001 o p25TIO,
1.75 A  NCI-TiOz1 -
¥ NCHTIO,2 7 v
1909 « neiTiop3 .
S 1254 o
O 0 i
Q 1.00+4
= v
T 0754 P
0.50 /i v
‘ hd
0.25+ v
L
000 ®—= - - - - - - -
-
0 1 2 30 40 5 60 70 80 90

Time (min)

1005

10 (b)
—s— None
084 —e—P25-TiO,
—&— NCI-TiO;-1
0.6 —»—NC lvTiO;.vz
§ —+—NCI-TiO,-3
Q
044
0.2+
0.04

110 +

Degradation efficeincy (%)

388

82883

-
o o
i

Time (min)

o (d)

98.12% 98.23% 97.44%

P25-TiO2 NCI-TiO2-1 NCI-iiOz-Z NCI-TiO2-3
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Fig. 7. (a) reuses the third cycle of photocatalytic activity of RhB degradation over NCI-TiO;-3. (b) the
degradation efficiency of NCI-TiO; catalysis using RhB, MB, and MO dyes.

In Fig. &, the structure of the NCI-Ti0,-3 sample was investigated before being applied as
the photocatalyst to degradation. After passing the 3™ treatment, the XRD still showed the crystalline
of NCI-Ti0»-3 would not be destructive according to the treatment.
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Fig. 8. XRD patterns of NCI-TiO,-3 before and after reuse Tirth cycles of photocatalytic activity.

4. Conclusions

The N/Cl co-doped TiO: nanoparticles were successfully synthesized by the co-precipitation
method. The photocatalytic activities via photodegradation were investigated, and the TiO, P25 was
also studied to compare them with our materials. The NCI-TiO»-3, using titanium (IV) butoxide
(TiCi6H3604) as the Ti source, has the highest dye degradation efficiency of 99.12% within 80 min.

Moreover, the degradation of MB and MO by the NCI-Ti0O2-3 photocatalyst was studied.
This photocatalyst can also degrade over ~53% of the MB and MO dyes. For this reason, NCI-TiO2-
3 is recommended as a good photocatalyst for degrading various organic dyes in contaminated
wastewater.
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